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The results of further studies of the radioactive isotopes 
of scandium can be summarized as follows. (a) The ac- 
tivity of half-life 53+3 min., now measured more ac- 
curately as 572 min., produced by bombarding calcium 
with deuterons, which emits 8-particles of energy 1.8+0.1 
Mev previously assigned to Sc* is shown to be probably 
due to Sc**. Sc** can be produced by the decay of Ca*® and 
from titanium by bombardment with fast neutrons. It 
emits no y-radiation. (b) Sc®, half-life 13.4+0.3 days, 
emits positrons of maximum energy 1.4+0.1 Mev. (c) The 
continuous spectrum of Sc* is complex, there being two 
groups of positrons and y-radiation of energy 1.0+0.1 
Mev. (d) The 52-hour isomer of Sc“ is the metastable form 
decaying by emitting highly internally converted y-radia- 


tion of energy 250 kev. (e) There is only one form of Sc* 
of half-life 851 days, emitting B-rays of energy 0.26+0.01 
Mev (>95 percent) and 1.5+0.1 Mev (<5 percent) and 
y-radiation of energy 1.25+0.1 Mev. (f) Sc*’, half-life 
63+2 hours, emits 8-rays of energy 1.1+0.1 Mev. (g) 
Sc**, half-life 441 hours, emits 8-rays of energy 0.5+0.1 
Mev (~90 percent) and 1.4+0.1 Mev (~10 percent) and 
y-radiation of energy 0.9+0.1 Mev. The following pre- 
viously unreported reactions have been established: 


Ca*®+H? Sc*—+Ti* +e- 

He*+Sc#®+n! 
Ca*+ Het+Sc**+H! + e- 
Ca*+Het+Sc*?+H! +e- 


A. INTRODUCTION 


NUMBER of investigations of the radio- 

active isotopes of scandium have previously 
been made, but there has been some disagree- 
ment as to the half-lives of various isotopes, and 
a number of differences of interpretation of 
results have been reported. In consequence, it 
seemed worth while to repeat several of the earlier 
experiments, using materials of the highest 
possible purity so as to be the better able to 
distinguish between true scandium activities and 
those due to impurities. As, moreover, the 
properties of some of the reported isotopes were 
not known, it was hoped to investigate them, 


*Exhibition of 1851 Senior Student, University of 
Liverpool. Present address, George Holt Physics Labora- 
tory, The University, Liverpool, England. Word of Dr. 
Walke’s untimely death reached this country while this 
paper was in proof. 


since it was clear that the high currents available 
from the Berkeley cyclotrons would allow the 
production of strong sources of the various active 
bodies. The present paper is an account of the 
new results which have been obtained. 

For convenience of reference, the stable 
isotopes referred to in the text are given in 
Table I. 


B. APPARATUS 


In these experiments slow and fast neutron 
investigations were carried out using the 37-inch 
cyclotron as a source of neutrons. The beryllium 
target was normally bombarded with 50 micro- 
amperes of 8-Mev deuterons, irradiations lasting 
from one to twenty hours. In consequence, very 
strong samples were available, even of the long 
period activities. 

In the production of radioactive scandium 
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isotopes from potassium and calcium by a- 
particles of high energy, the 60-inch cyclotron in 
-the Crocker Radiation Laboratory was used. 
During these experiments, currents of 0.6 micro- 
ampere of 32-Mev a-particles were available, 
and samples were bombarded in general for 5 
microampere hours. There was no deuteron 
contamination of the a-particle beam. 

Decay and absorption measurements were 
made using a standard Lauritsen quartz fiber 
electroscope. B-ray energies have been obtained 
by making absorption measurements in alumi- 
num. These energies have been corrected for 
absorption by the electroscope window and have 
been estimated by applying Feather’s range- 
energy relation. The energies of the y-rays 
were obtained by measuring their absorption in 
lead, the geometrical arrangement being cali- 
brated by means of known y-rays. 


C. anp Sc*® 


In a previous investigation of the induced 
radioactivity of calcium! it was established that 
three scandium isotopes are formed when calcium 
is bombarded with high speed deuterons. The 
assignments, half-lives and energies of emitted 
particles were as follows: Sc 5343 minutes, 
E=1.8+0.1 Mev, Sc* 4.0 hours, E=1.4+0.1 
Mev, Sc“ 4.1 hours and 52+2 hours, E=1.6 
+0.1 Mev. 

The assignments were then unique, for no 
isotope of calcium heavier than Ca“ was known; 
and as the 53-minute period was not observed 
in any other reactions, it was natural to assume 
that it must be due to Sc*! formed from the very 
abundant Ca*®. Thus, 


Ca*°+ H*Sc*!+-n!; et. 
It was always observed that a considerable 


TABLE I. Stable isotopes of elements near scandium. 


Atomic 

Element Number Mass Numbers and Abundance 
Potassium 19 39 40 41 

100 0.012 7.15 
Calcium 20 40 42 43 44 46 48 

100 0.66 0.15 2.13 0.0034 0.191 
Scandium 21 = 
Titanium 22 46 47 48 49 50 

10.82 10.56 100 7.50 7.27 
Vanadium 23 


1H. Walke, Phys. Rev. 51, 439 (1937). 


number of negative electrons were emitted from 
the body with half-life 53 minutes, and these 
were at first thought to be Compton electrons. 
More careful experiments have shown, however, 
that it is probable that all the particles emitted 
by the 53-minute body are negative electrons, 
which indicates that this isotope is in fact Sc*® 
and not Sc*!. Further measurements on a number 
of samples have shown, moreover, that the 
half-life is longer than previously given, the new 
value being 57+2 minutes. By absorption 
experiments, it has been established that this 
body emits no y-radiation which is further 
evidence against its being Sc“, for Sc being a 
positron emitter would be accompanied by 
annihilation radiation. 

Professor Wigner pointed out in a stimulating 
discussion of the properties of Sc! that, on the 
basis of the current assumption of equal inter- 
actions between all pairs of elementary particles, 
one can estimate the half-life and maximum 
energy of the positron spectrum of this isotope, 
as has been done for the analogous nuclei Ne”, 
Mg”, etc.? The isobars Sc, Ca‘! are of the type 
(n—p)=+1, and thus the mass difference 
between them may be calculated from the 
Coulomb forces alone. On this assumption the 
half-life of Sct should be not longer than some 
tenths of a second, and the upper limit of the 
positron spectrum should be of the order 5.0 
Mev. The observed half-life 57+.2 minutes is 
thus far too long, and the emitted particles 
(E=1.8 Mev) have far too low an energy for 
the nucleus to be Sc*. 

In this connection it is significant that, if Sc# 
were the 57-minute body, Ca‘ should be pro- 
duced by its decay. Recent work to be reported 
later? shows that one form of Ca* has a half-life 
of 8.5 days so that it should be possible to 
observe this period in the scandium precipitate 
from calcium+deuterons, and further it should 
be possible to extract active calcium from the 
scandium precipitate after the decay of the 57- 
minute period. All such experiments have yielded 
negative results, which is consistent with the 
assignment of the 57-minute activity to Sc**. 

In addition, if the active body is Sc**, it should 


* White, Delsasso, Fox and Creutz, Phys. Rev. 56, 512 


(1939). 
* Walke, Thompson and Holt, this issue, p. 177. 
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be possible to produce it by the reaction 


and so to separate a radioactive isotope of 
scandium from calcium which has been activated 
with slow neutrons. 

Such experiments have been performed using 
spectroscopically pure calcium oxide (Hilger 
11814), calcium metal and calcium hydroxide, 
and in all cases an activity has been separated 
chemically with scandium. The scandium precipi- 
tates were redissolved and reprecipitated in the 
presence of inactive calcium, potassium and 
sodium many times; yet the precipitates re- 
mained active and decayed with a period of 
57+2 minutes. The active scandium is produced 
by the decay of Ca*® as will be discussed in 
detail in a further paper.‘ 

Additional confirmation of this assignment is 
given by the fact that a radioactivity of half-life 
5742 minutes has been obtained by bombarding 
titanium with fast neutrons. It is probably Sc*® 
formed in the reaction 


It is likely that this is the active scandium 
isotope separated by Pool, Cork and Thornton‘ 
from titanium which had been bombarded with 
fast neutrons, but to which they assigned a 
half-life of 1.7 hours. 

We may, therefore, conclude on the basis of 
the above discussion that Sc has not yet been 
observed, but is probably a positron emitter of 
half-life of the order of some tenths of a second 
and that the 57+2-minute period previously 
assigned by the author to Sc“ is in fact to be 
identified with Sc** decaying by electron emission 
to form the stable Ti**. 


D. Sc® 


Of the two radioactive scandium isotopes 
which should be produced by bombarding 
potassium with alpha-particles of high energy, 
only one, Sc“, has so far been identified. The 
failure to observe Sc combined with the high 
abundance of K** suggested that this body might 
have a relatively long half-life. This was indi- 
cated by previous results of the author’ who 


* Pool, Cork and Thornton, Phys. Rev. 52, 239 (1937). 
5H. Walke, Phys. Rev. 52, 400 (1937). 


J. M. Cork and R. L. Thornton, Phys. Rev. 53, 866 


observed such a long period activity in all 

active scandium samples separated from potas- - 
sium which had been bombarded with a-particles.. 
Since the early work was carried out using KF 

it was then supposed that the long period 

activity might be due to Na*® from the action 

of a-particles on the fluorine. 

High purity potassium chloride free of fluoride 
was therefore bombarded with 5 microampere 
hours of a-particles of 32-Mev energy and from 
it a strongly. active scandium sample was 
chemically separated. Following the decay of 
the 52-hour isomer of Sc“, a new radioactive 
isotope of scandium was obtained. Its half-life 
is 13.5+0.3 days, the decay having been meas- 
ured for more than seven half-lives. The energy 
of the emitted positrons is 1.4+0.1 Mev, this 
value being obtained from absorption measure- 
ments in aluminum. This body is most probably 
to be associated with Sc, produced in the 
reaction 


No other activity was observed. 


E. Tue Isomers or Sc* 


It has been established by several independent 
nuclear reactions that Sc“ can exist in two 
isomeric forms® with half-lives of 4.1+0.1 and 
52+2 hours, respectively. Up to the present, 
however, it has not been established whether 
these isomers are genetically related nor has 
the metastable form been identified. 

In this section will be discussed evidence 
whereby this has been ascertained. 

The evidence has been obtained by making 
careful absorption measurements over the whole 
energy region from 0-2 Mev for both isomers. 
Very strong samples were produced by bom- 
barding high purity potassium chloride with 32- 
Mev a-particles for ~5 microampere hours. 
(The bombardment was carried out during two 
days.) A very thin precipitate of scandium 
hydroxide was separated and absorption meas- 
urements were made immediately after separa- 
tion (ratio 4-hour period to 52-hour period 10 : 1) 
and 2 days after separation (ratio 52-hour period 
to 4-hour period 100 : 1). It was found that the 


* Burcham, Goldhaber and Hill, Nature 141, 510 (eee: 
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INTENSITY OF IONIZATION (Div. 


001 0.02 0.03 004 0.05 0.06 007 008 
THICKNESS OF ALUMINIUM —CM 


Fic. 1. Absorption in aluminum of low energy radiations 
from Sc* and 


main part of the absorption curves and the 
endpoints were identical, which at once suggested 
that the isomers were genetically related and 
that the positron spectrum from both was due 
to the same active isotope. The values for the 
maximum energy were 1.50+0.05 in reasonable 
agreement with the previous value (obtained 
from cloud-chamber studies) of 1.6+0.1 Mev. 

A careful examination of the low energy 
region, however, disclosed that a line of electrons 
of energy 250 kev was being emitted by the 
52-hour activity. This was observed superposed 
on the low energy region of the spectrum as 
shown in Fig. 1. The hump due to the conversion 
electrons is not caused by a poor geometrical 
arrangement for the absorption of the low energy 
radiations from Sc* and Sc (isotopes whose 
upper limits are close to that of Sc“) show under 
identical conditions no such effect.’ 

By making absorption measurements at differ- 
ent times, it was established that the conversion 
electrons are associated with the 52-hour period. 

These results suggest that the 52-hour period 
of Sc“ is due to a metastable state of Sc“ 250 kev 
above the ground state which decays by 7- 
transitions to the ground state from which the 
positrons (due to the 4.1-hour transformation 
product which is in equilibrium with its parent) 

7 In fact, the absorption curve for Sc® was obtained from 
the same scandium precipitate which had been used for 


studying the isomers after the 52-hour activity had com- 
pletely died away. 


are emitted. The y-ray due to the decay of the 
metastable level is highly internally converted 
and thus gives rise to the conversion electrons, 
These observations have been confirmed by 
Mr. A. C. Helmholz, who has been kind enough 
to photograph the electron line with a magnetic 
spectrograph. The value thus obtained for the 
energy of the line is 255 kev. 

It has been found in addition that the 52-hour 
isomer of Sc emits a weak intensity of low 
energy y-radiation. Absorption measurements in 
lead yield a value for the energy close to 250 kv, 
which indicates that the y-radiation due to the 
transition between the isomeric state and the 
ground state of Sc“ is not totally internally 
converted.® 

Dr. J. W. Kennedy of the Department of 
Chemistry has attempted to separate these 
isomers chemically without success. Scandium 
acetyl acetonate was synthesized from a sample 
of Sc“ and was dissolved in chloroform. After 
standing for some hours, the solution was shaken 
with water and the two solutions separated. 
Inactive scandium was then added to the 
aqueous fractions and was precipitated as oxa- 
late. It was found to be inactive. One cannot 
conclude from this experiment, however, that 
the chemical separation of the isomers is not 
possible. It is not unlikely that in the present 
case the ejected scandium ion recombines with 
the acetyl acetonate very rapidly so that the 
concentration of free ions is too small to allow 
the formation of an appreciable activity in the 
aqueous extract. 

DuBridge and his co-workers® have produced 
the isomers of Sc by bombarding calcium with 
high speed protons, the reaction being 


The author has repeated these experiments and 
has obtained confirmatory results. 


F. Sc* 


The comparison between the absorption curves 
of Sc, Sc * and Sc shown in Fig. 1 indicates 


8 No soft y-radiation was observed with a sample of 
Sc“ under the same conditions which is evidence against 
the observed effect in Sc being due to the geometrical 
arrangement. ‘ 

® Private communication. 

* The source of Sc used was obtained by bombarding 
calcium metal with 32-Mev a-particles. 
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that, whereas the spectra of Sc and Sc“ are 
similar and probably simple, there are far more 


* low energy positrons emitted by Sc“, though the 


upper limit of its spectrum 1.4+0.1 Mev is 
close to that of Sc and Sc“ (1.4+0.1 Mev and 
1.6+0.1 Mev, respectively). This suggested that 
the B-spectrum of Sc* might be complex and a 
search was accordingly made for a y-ray of 
energy greater than that of annihilation radiation 
(0.5 Mev). Evidence was obtained for a strong 
y-radiation of energy 1.0+0.1 Mev which points 
to the existence of two components in the 
spectrum of Sc* with endpoints at ~0.4 Mev 
and 1.4 Mev, the y-ray being due to transitions 
between an excited state of the product nucleus 
Ca“ and the ground state. 

These absorption measurements are further 
evidence that the two 4-hour periods of Sc* 
and Sc“, respectively are actually due to 
different radioactive isotopes. 


G. ISOMERS AND PROPERTIES OF Sc*® 


Several investigations of the radioactivities 
induced in scandium by slow neutrons and fast 
deuterons have been made,!® and it has been 
suggested that Sc*® nuclei may exist in three 
different isomeric states. Hevesy and Levi's" 
early work, for example, gave evidence for two 
active bodies chemically separable with scandium 
formed by irradiating scandium with neutrons, 
the half-lives being two months and greater than 
a year, respectively. These workers did not 
identify the long period activity with certainty 
but suggested that the half-life of two months 
should be associated with Sc**. 

In addition, Cork and Thornton® observed a 
period of 1.1 hours in scandium which had been 
activated with slow neutrons. They therefore 
ascribed this activity also to Sc** and suggested 
that this isotope could exist in three isomeric 
forms with half-lives 1.1 hours, 88 days and 
>1 year. In this section it will be shown that 
only one form of Sc** has been established, its 
half-life being 85+1 days. 

Recently, high purity scandium oxide has been 
rendered strongly radioactive with slow neutrons 
and a careful search has been made for an 


' Hevesy and Levi, K. Danske Vidensk. Selskab. 14, 5 
(1936); 15, 11 (1938). H. Walke, Phys. Rev. 52, 669 (1937). 
J. M. Cork and R. L. Thornton, reference 6. 
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isomer of Sc** of half-life ~1 hour. No evidence 
at all for such a body has been obtained. A very 
weak activity of half-life 2.5 hours was detected, 
but this was so much less intense than the 85-day 
activity that it is very probably due to a trace 
(0.1 percent) of dysprosium impurity. 

In order to be certain that the postulated 
1.1-hour activity was not due to a metastable 
form of Sc**, scandium oxide was also strongly 
activated with fast neutrons. The only activities 
observed were the 12.5-hour period of K® due 
to the well-known reaction 


and that due to Sc**, confirming previous 
results." 

In a recent paper Walke, Williams and Evans” 
have suggested that the long period activity of 
half-life greater than a year, and also ascribed 
to Sc**, is probably due to a trace of some im- 
purity. This suggestion was made because of 
the failure to observe any departure from 
linearity of the decay curve of a strong sample 
of Sc** whose decay had been followed for more 
than 500 days. The author has continued to 
measure the activity of this source which has 
now decayed for nearly 11 half-lives, without 
change of half-life (8511 days), and whose 
activity has now almost disappeared, yet no 
trace of any longer period has been observed. 
The decay from 840-900 days is shown in Fig. 2. 
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Fic. 2. Decay curves of Sc*, 


"D. G. Hurst and H. Walke, Phys. Rev..51, 1033 


(1937). 
® Walke, Williams and Evans, Proc. Roy.” Soc. A171, 
360 (1939). 
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Fic. 3a. Absorption in aluminum of main group of 
B-rays from 


This curve suggests that the previously observed 
activity of half-life greater than a year was 
probably due to contamination by one of the 
naturally occurring radioactive bodies (e.g., a 
thorium decay product). 

We may thus conclude that the two activities 
of half-lives 1.1 hours and >1 year reported by 
Cork and Thornton® and Hevesy and Levi" are 
due to impurities and not to isomers of Sc*® 
which has the half-life 85+1 days. 

Walke, Williams and Evans” have also shown 
that the Sc** decays by K-electron capture as 
well as by B-ray emission. The branching ratio 
could not be established very accurately on 
account of the uncertainty in the correction to 
be applied for absorption of the CaKa radiation 
in the scandium oxide source. It was apparent, 
however, that probably as many nuclei decay 
by the one process as the other. Hence, as 
approximately one quantum of y-radiation per 
electron was observed, it was not possible to 
identify the nucleus in which the y-radiation 
arose. Walke, Williams and Evans” found that 
the upper energy limit of the B-rays was 0.26 
Mev, the y-radiation having an energy of 
approximately 1.0 Mev. 

The author has repeated the absorption 
measurement using a thin but very strong source 
of Sc** and has confirmed the upper limit 
(0.26+0.1 Mev) of the main group of disintegra- 


tion electrons.“ But careful measurements have 
disclosed the existence of a second group of 


hard f-rays of maximum energy 1.50.1 Mey, 


present to an extent of <5 percent of the main 
group. The absorption curves are shown in 
Figs. 3a and b. The y-radiation appears to be 
homogeneous, the energy as measured with the 
very strong source being 1.25+0.1 Mev. These 
results suggest that the y-radiation arises from 
transitions between an excited state of Ti**® at 
1.25 Mev and the ground state, the groups of 
disintegration electrons being due to f-decay to 
the excited and ground state, respectively. The 
absence of positrons and annihilation radiation 
indicates that the K electron is probably 
captured into the ground state of Ca**, the 
energy difference between this state and the 
ground state of Sc** being less than 1.0 Mev. 

In addition to the reactions already reported," 
Sc** has recently been produced by bombarding 
calcium metal for 5 microampere hours with 
alpha-particles of energy 32 Mev. The active 
isotope was chemically separated as scandium 
fluoride and was identified by its half-life and by 
absorption measurements. Sc** has thus been 
formed by the reaction 

Ca*+Het—Sc**+H?. 
(The decay curve of Sc** separated from calcium 


after activation with 32-Mev a-particles is 
shown in Fig. 2.) 
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Fic. 3b. Absorption in aluminum of hard 8-rays from Sc*. 


The range energy relation for homogeneous §-rays 
was used to obtain this value as Feather’s rule is not valid 
below 0.7 Mev. 

“The reaction Ti*+n'--Sc“+H! has been confirmed 
in the course of the present investigation. 
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H. Sc 


The only reactions of known type whereby 

Sc‘? could be formed are as below: 

Sc Ti’+e- 
Ti? +n'—Sc" +H! 

By assuming that the period of 28 hours observed 
by Pool, Cork and Thornton‘ in titanium bom- 
barded with fast neutrons was the same as the 
42-hour period previously observed by the 
author'® (and identified by him as Sc**) Cork and 
Thornton® associated this activity with Sc*’, the 
only basis for the assignment being the very 
doubtful assumption that Sc** should have a 
short half-life. As shown previously, however, 
and as confirmed in the next section, the assign- 
ment and half-life reported by the author is 
correct. There has thus been as yet no definite 
evidence for Sc*’. 

A new radioactive isotope of scandium has 
recently been preduced by bombarding calcium 
metal for 5 microampere hours with alpha- 
particles of energy 32 Mev. This body which 
decays with a half-life 6342 hours emits - 
particles of maximum energy 1.10.1 Mev and 
has probably to be identified with Sc*’. It is not 
certain than any y-radiation accompanies its 
decay, for Sc** is also produced in the calcium 
(see next section) and the y-radiation observed 


may well be due only to it. The decay curve . 


of this body is shown in Fig. 4. 

Dr. E. Segré, to whom the author is grateful 
for his cooperation, was kind enough to analyze 
chemically a sample of the bombarded calcium 
metal. Scandium and titanium carriers were 
added, the former (which was precipitated first) 
being recovered as fluoride, the latter as oxide. 
In this way scandium free of titanium is ob- 
tained, but the titanium can be contaminated 
with scandium. Most of the activity was found 
in the scandium precipitate, and as the decay of 
the weak activity of the recovered titanium was 
similar to that of the scandium, it has been 
assumed that the titanium activity was due to 
traces of the active scandium. 

The decay curve of the separated scandium 
was similar to that of the unseparated calcium 
metal, there being observed two activities with 
half-lives 64-3 hours and 85+1 days (Sc**). 

That the new body is not an isomer of Sc* 


“H. Walke, Phys. Rev. 52, 777 (1937). 


DECAY OF CALCIUM METAL AFTER 
ACTIVATION WITH S2-MEV ALPHA~PARTICLES 

E 
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Fic. 4. Decay curve of Sc*’. 


is suggested by the failure to observe this 
activity in strong sources of Sc* produced in 
calcium with deuterons. That it is not an isomer 
of Sc, Sc“, Sc** or Sc** is apparent from Sections 
D, F, G, I. (Moreover neither Sc, Sc“ nor Sc** 
can be produced by bombarding calcium with 
alpha-particles by any known reaction.) Further 
the abundance of Ca** is so small (0.0036 percent) 
that it is unlikely to be an isomeric form of 
Sc*® formed thus 


+H}. 


Hence it must either be due to Sc*’ or Sc®™ 
produced in the reactions 


(1) 
Ti+e-. (2) 


If it were the latter, then, as Ti™ is also 
unstable, it should be possible to extract the 
72-day activity of Ti®™ from its parent with 
which it would be in equilibrium. No active 
titanium has been obtained which excludes this 
possibility. The greater abundance of Ca* (Ca 
is more than ten times as abundant as Ca**) 
also favors reaction (1). 

We therefore tentatively assign this new 
radioactive isotope of scandium mass number 47. 

There is some evidence that this body is also 
produced from titanium with fast neutrons; for, 
although the absorption curves from titanium 
show exactly the same characteristics as those 
of Sc*’, the half-life of the more active samples is 
somewhat longer than 44 hours. With the weaker 
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O.60}-] ABSORPTION CURVE OF RADIATIONS EMITTED BY V+ FAST NEUTRONS) 


Fic. 5a. Absorption in aluminum of soft 8-ray group 
emitted by Sc**. 


activities previously used," the half-life 42 hours 
was obtained. It, thus, seems likely that the 
present samples contain both Sc** and Sc‘ and 
that the mixture of the two periods 44 hours and 
63 hours gives a spurious half-life intermediate 
between them of the order 50 hours. 


1. 


In a previous report it has been shown that 
a radioactive isotope, which was chemically 
separated with scandium, of half-life 42+3 hours 
and ascribed to Sc** can be produced by bom- 
barding vanadium and titanium metal with fast 
neutrons, the reactions being 

Het; 
Ti8+n'—Sc*+ Ht 
However no estimate of the energy of the 
emitted radiations could be made at that time, 
for the activities were not sufficiently strong. In 
the present experiments very active samples have 
been produced and the previous results con- 
firmed. The properties of the active body have 

also been studied in some detail. 

The half-life of Sc*® has been more accurately 
measured and is 44+1 hours, the decay of the 
activity having been followed for more than 
nine half-lives. In addition absorption curves of 
the radiations emitted have been obtained using 
sources of Sc*® produced both from titanium and 
vanadium. These curves are quite identical and 
are further evidence for the correctness of the 
previous assignment. The active body emits 
B-particles and y-rays, the former consisting of 
two groups of energy 0.5+0.1 (90 percent)" 

1% The range energy relation for homogeneous §-rays 


was used to obtain this value as Feather’s rule is not 
applicable below 0.7 Mev. 


ABSORPTION CURVE OF RADIATIONS FROM V+ FAST NEUTRONS sc” 
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Fic. 5b. Absorption in aluminum of hard 
B-rays emitted by Sc**. 


and 1.4+0.1 Mev (~10 percent), respectively. 
The y-ray energy has also been measured, this 
being 0.9+0.1 Mev. The absorption curves of 
the 8-rays are shown in Figs. 5a and b. 

As the y-ray energy is nearly equal to the 
energy difference between the two §-ray groups, 
it appears likely that an excited state of Ti 
exists at about 0.9 Mev above the ground state, 
the two groups of disintegration electrons being 
due to B-decay of Sc** to the excited state and 
ground state of Ti**, respectively. 

In this connection, it is significant that 
Pollard” has observed excited states of Ti*® at 
1.1+0.1 Mev and 2.3+0.1 Mev in the reactions 

Sc*+ He*—Ti**+ H?! 
and that Richardson’ has reported the emission 
of strong y-radiation of energy 1.0+0.1 Mev by 
V‘*8, his results suggesting that four quanta of 
1.0-Mev radiation are emitted per positron. 
These observations are consistent if we suppose 
that the level of Ti** at 1.0 Mev has been excited 
in all three reactions; namely, 
Sc*+ 
The results of Pollard’ show further that a 
second level of Ti** occurs at about 2.0 Mev and 
the existence of such a state is necessary to 
explain the anomalously high intensity of 1.0- 
Mev radiation observed by Richardson. In 
fact, Richardson’s results require the existence 
of further levels at 3 and perhaps 4 Mev unless 
some of the y-radiation observed arises in some 
other process. Some of the y-radiation in this 


17 E. Pollard, Phys. Rev. 54, 411 (1938). 
18 J. R. Richardson, Phys. Rev. 53, 124 (1938). 
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case may arise as a result of K-electron capture, 
for:the measurements of Walke, Williams and 
Evans” show that approximately one-third of 
the V** nuclei decay by this process. 

It may be pointed out, too, that the isomer of 
Ti® of half-life 72 days is produced as well as 
V‘8 when titanium is bombarded with deuterons.’ 
As Ti*! emits y-radiation of energy 1.0 Mev, it 
is possible that some of the y-radiation attributed 
by Richardson to V“* may have been due to this 
isotope. However, the relative intensities of the 
two activities show that at least 75 percent of 
the radiation observed by Richardson must be 
due to V‘** and that therefore at least three 
levels of Ti** are necessary to explain this result. 
No y-radiation of energy >1.0 Mev has been 
observed and moreover no positrons from V** 
have been detected of energy >1.1 Mev, the 
spectrum of which appears to be essentially 
simple. These results suggest that the 1.0-Mev 
y-rays found .by Richardson are emitted in 
cascade transitions. Coincidence experiments to 
test this point are in progress. 
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Cr*' has been chemically isolated from titanium which has been bombarded with high 
speed alpha-particles and chromium which has been activated with deuterons. Its half-life 
is 26.5+1.0 days and its identification depends on its formation in the reactions : 

Cr*! decays mainly by K-electron capture but is probably unstable against positron emission 
as it emits strong y-radiation of energy 0.5 Mev and 1.0 Mev. No positrons of energy > 100,000 
ev have been detected, the lower limit of the ratio K capture to emission of positrons of energy 
> 100,000 ev being 10,000. 

The y-ray of energy 1.0 Mev is due to a nuclear transition in V™. It is internally converted 
to an extent of 0.1 percent, the conversion electrons having been found by absorption measure- 
ments. Electrons of energy 0.35+0.05 Mev are also emitted by a strong source of Cr. It is 


probable that these are recoil electrons due to the 0.5-Mev y-rays. 


INTRODUCTION 


T has recently been shown by Walke, Williams 
and Evans! that V* of half-life 600 days 


*Exhibition of 1851 Senior Student. Present address 
George Hold Physics Laboratory, University of Liverpool, 
Liverpool, England. Word of Dr. Walke’s untimely death 
reached this country while this paper was in proof. 
ass Williams and Evans, Proc. Roy. Soc. A171, 360 


decays almost entirely by K-electron capture. 
This result was somewhat difficult to understand 
theoretically, for as was pointed out by Professor 
Wigner, one would expect V*’ to be less stable 
than V*® yet a form of V** is known which emits 
positrons of energy 1.9 Mev. Since the hypothesis 
that the 600-day activity might be an isomeric 
form of V** could not be definitely excluded, we 
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have tested this possibility by endeavoring to 
detect the new radioactive isotope in other 
reactions. In particular, the long period activities 
which can be induced in titanium by bombard- 
ment with a-particles of high energy have been 
investigated, for if the new isotope were an 
isomer of V*%, it should be produced by the 


reaction 
Ti*®*+ 


since previous experiments by one of us have 
shown that the short-lived V** (half-life 33 
minutes) can thus be formed. 

For these investigations Professor Alvarez 
was kind enough to send us a sample of titanium 
metal which had been bombarded with 16-Mev 
a-particles for 16 microampere hours. 

As a result of these experiments we have failed 
to observe the 600-day vanadium activity which 
is consistent with the previous assignment to V*’. 
However, we have discovered another isotope 
which decays by K-electron capture, and we 
ascribe it to Cr*!. This body has rather unusual 
properties which have been studied in some 
detail. In the present paper these properties 
are discussed. 

The stable isotopes to which reference will be 
made in the text are appended in Table I. 


APPARATUS 


The apparatus which has been principally 
employed to study the K-capture process is the 
large cloud chamber designed by Williams.’ It 
was used as in the experiments on V“’, the rate 
of decay of the strong x-ray emission being 
measured by counting photoelectron tracks in 
the manner previously described by Walke, 
Williams and Evans." 

The energy of the emitted electrons and the 
absorption in aluminum of the x-radiation (and 


TABLE I. Stable isotopes to which reference is made in the text. 


ELEMENT Mass NuMBERS AND ABUNDANCE 
22 Ti 46 47 48 49 50 
10.82 10.56 100 7.50 7.27 
23 V 51 
100 
24 Cr 50 52 53 54 
5.36 100 11.26 2.75 


2 E. J. Williams, Proc. Roy. Soc. A172, 194 (1939). 


Fic. 1. Wilson chamber photograph showing short 

hotoelectron tracts due to the emission of VKa radiation 
rom a source of Ti+He‘. Secondary recoil electrons can 
also be seen. The rather high background of old tracks 
is due to the strong y-radiation, which causes the emission 
of recoil electrons from the walls of the chamber and the 
brass shutter covering the source. 


thus the atomic number of the emitting atom) 
were determined by means of a thin-walled 
counter used as recommended by Feather.* When 
recording x-rays, electrons from the source were 
prevented from reaching the counter by placing 
the sample between the polepieces of a small 
electromagnet. 

The energies of the y-rays were obtained by 
measuring the range of their recoil electrons. 
The method adopted was the standard one of 
counting coincidences in two thin-walled counters 
between which aluminum foils could be placed, 
the recoil electrons being ejected from the wall 
of the counter nearest the source. 

The rate of decay of the total activity and of 
the y-radiation was obtained by ionization 
measurements made with a Lauritsen quartz 
fiber electroscope. 


IDENTIFICATION AND HAcr-Lire or Cr®! 


After the short-lived activities induced in 
titanium by alpha-particle bombardment have 
died away, the remaining activity* decays with 

3.N. Feather, Proc. Camb. Phil. Soc. 34, 599 (1938). 

*In a previous paper one of us (H.W.) has reported a 


long period of half-life ~200 days, induced in TiO; by 
a-particles of energy 11 Mev. Continued observations 
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a single period of 26.5+1.0 days. Absorption 
measurements demonstrated that more than 10 
percent of the ionization observed with an 
electroscope was due to y-radiation which sug- 
gested that the emitted electrons were probably 
of secondary origin. Examination of the radia- 
tions using the cloud chamber showed that the 
jonizing particles were negative electrons, though 
a very intense x-ray emission was detected, the 
cloud chamber being filled with short range 
photoelectron tracks (see Fig. 1). These results 
suggested at once that the new isotope was prob- 
ably decaying by K-electron capture, and this has 
been confirmed by more detailed investigations. 

In the first place, the half-lives of the total 
activity, of the electrons of the y-rays and of the 
K rays were carefully compared, and it was 
established that these are identical, namely 
26.5+1.0 days as shown in Fig. 2. It was thus 
apparent that all the radiations were emitted 
by the same active isotope. 

A careful chemical analysis was then carried 
out for us by Professor C. Perrier of the Uni- 
versity of Palermo, to whom we wish to express 
our thanks for his generous cooperation, and it 
was proved that the activity can be chemically 
separated with chromium. From the chromium 
precipitate we were able to confirm the emission 
of the K radiation and the y-rays both by 
absorption measurements and with the cloud 
chamber. The activity of this precipitate also 
decayed with the half-life 26.5+1.0 days. 

The following arguments indicate that the 
responsible isotope is probably Cr*'. 

By bombarding titanium with a-particles, 
only two possible radioactive isotopes of chro- 
mium may be produced, namely, Cr*® and Cr*, 
the reactions being :— 


+n! 
+n! 
and both of these should be positron radioactive. 
Thus :-— 
; 


V8 e+ 


have shown that the half-life is 450 days the emitted par- 
ticles being positrons of energy ~0.35 Mev. However no 
evidence for this activity has been obtained from the very 
pure titanium metal and we therefore conclude that the 
eflect observed with the TiO: must be due to some im- 
purity (as yet not identified). 


As it is known, however, that V*® has the half- 
life 33 minutes and emits positrons of maximum 
energy 1.9 Mev, then, if the radioactive isotope 
were Cr*® the transformation product V** should 
be in equilibrium with its parent and energetic 
positrons should be observed accompanying the 
activity of half-life 26.5 days. None have been 
detected which excludes Cr*® as the active body, 
and indicates that Cr is the isotope under 
discussion. 

Confirmatory evidence for associating the 
26.5-day activity with Cr*' has been obtained by 
bombarding chromium with 8-Mev deuterons. 
From the activated metal a radioactive isotope 
of chromium has been chemically separated* 
which decays with the half-life 26.5 days (see 
Fig. 2), and the same body has been produced 
by bombarding chromium metal with slow 
neutrons. Cr*® could not be formed by any known 
reactions by activating chromium with these 
particles, but Cr®! can be produced as below 

Moreover the production of the 26.5-day 
activity by bombarding chromium with slow 
neutrons rules out the possibility that the active 
isotope might be a metastable state of one of 
the stable chromium isotopes. 


Fic. 2. Demy curses of Cr®. A, y-ray decay Ti+He'; 
B. x-ray decay Ti+Het‘ (first point 272 “‘spots” per 
C. decay of total activity Ti+He*. D. decay of total 
activity of chromium precipitate separated from chro- 
mium-+deuterons. 


*It is a pleasure to thank Dr. G. Seaborg of the De- 
partment of Chemistry for extracting the active chromium. 
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es T T iii io lished that the responsible atom has atomic 
an oem, number 23+0.1 and is therefore undoubtedly 
ano Ti+ H® 7 vanadium. This is shown clearly by the absorp- 
> tion curves of Fig. 3. It was similarly confirmed 
: that VKa radiation is emitted by the chemically 

Ti+He* 

Rett separated chromium. 
The above results are consistent with the 
i 7 supposition that the K radiation results from the 

« 
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Fic. 3. Absorption in aluminum of x-radiation emitted b 
Ti+He*(Cr*), 


TRANSFORMATION OF Cr®! By K-ELECTRON 
CAPTURE 


Strictly speaking the observation of the K 
radiation provides evidence only for the removal 
of K electrons from the atoms concerned and in 
order definitely to establish the transformation 
of nuclei by electron capture it must be shown 
as Alvarez‘ has emphasized that no other process 
is responsible for their removal. In the case of 
V‘7 previously investigated it was proved con- 
clusively that only K-electron capture could 
account for the observed x-radiation. The K rays 
from Cr*!, however, are accompanied by a high 
intensity of y-radiation and some electrons also 
and it is therefore necessary to prove that they 
are not responsible for the removal of the 
K electrons. 

The atomic number of the atom emitting the 
K radiation was determined by measuring the 
absorption coefficient of the radiation in alumi- 
num using a Geiger-Miiller counter as detector. 
The absorption coefficient was compared directly 
with that of TiKa by making measurements on 
a strong source of V*’ (in the form of titanium 
metal which had been bombarded with deu- 
terons)! and on the sample under investigation 
using the same geometrical conditions and the 
same aluminum absorbers. It was thus estab- 


4L. W. Alvarez, Phys. Rev. 54, 486 (1938). 


capture of a K electron by the nucleus of a chro- 
mium atom, for in that case the K radiation 
emitted would be that of the vanadium atom 
resulting from the capture. No other hypothesis 
fits the facts. Let us suppose for instance that 
the K electron of a chromium atom is removed 
by electronic or quantum radiation from other 
chromium atoms. In this case the K radiation 
emitted would be that of chromium. This would 
also be so if the K electron were removed by 
internal conversion of y-radiation from the 
nucleus of the same atom. If it was removed by 
a disintegration electron from the nucleus of the 
same atom the K radiation emitted would be 
that of manganese. Thus the fact that the K 
radiation is that of vanadium rules out all these 
processes. 

There remains however the possibility that 
the chromium nucleus emits a slow positron 
which either removes a K electron in leaving 
the atom or leaves the product vanadium nucleus 
in an excited state the y-ray quantum subse- 
quently emitted being internally converted. The 
K radiation emitted would in this case be that 
of vanadium. However owing to the annihilation 
of the positrons two quanta of energy 0.5 Mev 
would also be emitted for every nuclear trans- 
formation. In the case of Cr®! such y-rays are in 
fact observed as will be discussed more fully 
in the next section. But the number of x-rays 
observed is greater by a factor of twenty than 
can be accounted for in this way. It may be 
concluded therefore that the majority of Cr® 
nuclei decay by K-electron capture and that this 
process is the main cause of the strong x-ray 
emission observed. 

ELECTRONS AND y-RaAys FROM 


In addition to VKa radiation titanium metal 
after bombardment with high speed a-particles 
emits two groups of electrons and two 7-rays. 
The energies of the electrons as determined by 
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absorption measurements are 0.35+0.02 Mev 
and 1.0+0.1 Mev, respectively, the y-ray values 
being 0.5+0.02 Mev and 1.0+0.1 Mev. 

The electrons of energy 1.0+0.1 Mev consti- 
tute an electron line and not a continuous 
distribution as can be seen from the absorption 
curves of Fig. 4. Their energy is so close to that 
of the hard y-ray that it is highly probable that 
they are produced by its internal conversion. 

The excitation of y-radiation of energy 1.0 Mev 
by the K-capture process suggests that Cr® is 
actually unstable against decay by positron 
emission. However a careful search using the 
cloud chamber has failed to reveal the emission 
of positrons of energy >100,000 ev, the lower 
limit we can set to be probability of K capture 
to that of the emission of positrons with more 
than 100,000 ev energy being 10,000. We cannot, 
however, exclude the possibility that positrons 
of lower energy are emitted, since such particles 
would have a very short range and the curvature 
of their paths in a magnetic field would not be 
sufficiently uniform to allow the determination 
of their sign with certainty. The observation of 
y-radiation of energy 0.5+0.02 Mev suggests 
that slow positrons are, in fact, emitted and that 
this y-radiation is due to their annihilation. 

On the basis of Meller’s® calculations an 
estimate can be made of the upper limit of the 
positron spectrum by assuming that the observed 
y-rays of energy 0.5 Mev are due to positron 
annihilation. 

The relative probability of the alternative 
modes of transformation by positron emission 
and electron capture depend on certain detailed 
features of the theories of 8-decay, the require- 
ments in this respect of Fermi’s® theory being 
very different from those of the modification by 
Uhlenbeck and Konopinski.’ The results thus 
obtained for Cr®! show, however, that if the 
Uhlenbeck-Konopinski theory is valid the maxi- 
mum energy of the emitted positrons should be 
0.5 Mev which is quite out of the question, for 
such particles would have easily been observed 
with the cloud chamber. The Fermi theory yields 
an upper limit of ~0.2 Mev which is certainly 


5C. Mller, Physik. Zeits. Sowjetunion 11, 9 (1937). 


*E. Fermi, Zeits. f. Physik 88, 160 (1934). 
: sash: Uhlenbeck and E. J. Konopinski, Phys. Rev. 48, 
1935). 


in better agreement with our observations, 
although even this value would seem to be 
rather higher than is consistent with our results. 

The electrons of maximum energy 0.35+0.05 
Mev are probably recoil electrons ejected from 
the source by the annihilation radiation.* The 
number of these electrons is small being only 
0.5 percent of the number of quanta of energy 
0.5 Mev. 

The value calculated for titanium metal of 
the dimensions used, assuming that the electrons 
are in fact produced in this way, is in good 
agreement with this figure being also 0.5 percent.t 

That the electrons do not constitute a normal 
8-distribution is shown from the absorption 
curve of Fig. 5. 

Further evidence that the electrons are of 
secondary origin was obtained by placing above 
the sample an inactive piece of titanium of the 
same dimensions as the radioactive material and 
photographing with the cloud chamber the 


recoil electrons ejected from the upper plate by 


the y-rays from the source. The number of recoil 
electrons thus observed was almost as large as 
the number emitted from the source itself. 

It therefore seems probable that all the 
electrons emitted by Cr® are of secondary 
origin, being either recoil or conversion electrons 
produced by 7-radiation. 


INTERNAL CONVERSION IN Cr®! 


The y-ray of energy 1.0+0.1 Mev is due to an 
upper state of V® which is excited following 
K capture by Cr*'. This excited state of V™ has 
also been observed by Davidson, Jun and 


é 

0.08 0.10 O18 
THICKNESS OF ALUMINUM —CM 
Fic. 4.A ion curves of 8-rays of energy 1.0 Mev from 


Cr* and V“ showing conversion electrons from Cr®. 
_* The maximum en of recoil electrons from y-radia- 
tion of omny 0.8 Mev is 0.33 Mev. 
t We wish to thank Professor J. R. Oppenheimer for 
making this estimate for us. . 
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Fic. 5. Absorption curve of low energy 
electrons from Ti+Het‘. 


Pollard’ in the reactions 
(y=1.1+40.1 Mev) 


and by Walke, Williams and Evans! by the 
decay of Ti® thus 


The discovery that the y-radiation is internally 
converted was somewhat unexpected and we 
have therefore made an estimate of the internal 
conversion coefficient. This has necessitated 
assuming a value for the y-ray efficiency of the 
counter used, but this may be estimated from 
the results of Sizoo and Willemsen.® In conse- 
quence it appears that the internal conversion 
coefficient is of the order 10-*. (The actual 
calculated result is 3 10-*.) 

This high value for the internal conversion 
coefficient indicates that a large difference of 
spin must exist between this state of V*™ and 


(y=1.040.1 Mev). 


8 Davidson, Jun and Pollard, Phys. Rev. 54, 408 (1938). 
®G. J. Sizoo and H. Willemsen, Physica 5, 105 (1938). 


the ground state. On the basis of the formulae 
given by Dancoff and Morrison™ it may be 
estimated that the spin change in the transition 
in which the y-ray is formed must be of the 
order 4 units. Since the nuclear spin of the 
ground state of V™ is 9/2 it may well be that the 
spin of the excited state is }. 

It is possible also to estimate the fraction of 
the Cr®™ nuclei which decay by capturing the 
K electron into this excited state of V*. The 
number is actually rather small being of the 
order 2-3 percent. 
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A further study of the induced radioactivity of calcium 
has been made. It has been established that the 2.5-hour 
period previously assigned to Ca® is in fact associated with 
Ca**. It is shown that this isotope probably exists in two 
isomeric forms with half-lives 30+1 min. and 2.5+0.1 
hours. The growth of Sc** of half-life 57:2 min. from the 
2.5-hour form of Ca*® has been observed. The maximum 
energy of the electrons emitted by Ca*® (2.5-hour period) 
is 2.340.1 Mev, the end point at 1.8+0.1 Mev being 
probably due to the Sc* in equilibrium with its parent. 
y-rays of energy 0.8+0.1 Mev are emitted by Ca‘ (2.5- 
hour period). Ca* of half-life 8.5+0.8 days decays by 
K-electron capture. A y-ray of energy 1.1+0.1 Mev is 
emitted and is internally converted to an extent of ~10-*. 
Ca* has been produced by the reactions 


Ca* of half-life 180+10 days emits electrons of energy 
0.19+0.01 Mev (95 percent) and 0.91+0.03 Mev (5 per- 
cent) and y-radiation of energy 0.71+-0.03 Mev. Its forma- 
tion has been observed in the following reactions: 


The suitability of these isotopes as radioactive indicators 
is discussed, and it is concluded that Ca® is likely to prove 
the only useful one. By bombarding calcium with fast 
neutrons, a radioactivity of half-life 4.5+0.5 min. has 
been confirmed, but not identified. No radioactive isotopes 
of potassium of long half-life have been extracted from 
calcium by activation with fast neutrons, nor has any 
evidence been obtained for the reaction 


INTRODUCTION 


N biological investigations radioactive isotopes 

of long half-life are generally to be preferred 
since in most cases the processes to be studied 
occur at a relatively slow rate. However, isotopes 
with short half-lives (from 20 minutes to a few 
hours) may be successfully used if they can be 
produced in sufficient intensity. Thus, already 
experiments have been attempted using the 
radioactive calcium of half-life 2.5 hours pre- 
viously detected by one of us (H. W.) in calcium 
metal which had been bombarded with deu- 
terons of high energy. However, very active 
samples of this body are not easy to prepare so 
that it seemed pertinent to make a careful search 
for other radioactive forms of calcium which 
might prove more suitable as indicators in 
investigations of calcium metabolic processes. 
It is the purpose of this paper to present the 
results of such a successful search and to discuss 


*Exhibition of 1851 Senior Student. Present address 
George Holt Physics Laboratory, The University, Liver- 
pool, England. Word of Dr. Walke’s untimely death 
reached this country while this paper was in proof. 


the possibility of using the various active bodies 
in biological investigations. 

The earlier experiments had been carried out 
using calcium “which had been bombarded for 
10-20 microampere hours with deuterons of 
energy 5.5 Mev. When currents of the order 
100 microamperes of 8-Mev deuterons became 
available from the Berkeley cyclotron, it was 
thought worth while to reinvestigate. the prob- 
lem of radioactive calcium as it appeared likely 
that samples initially more active by a factor of 
twenty could be obtained which would render 
possible the discovery of radioactive isotopes of 
long half-life. 

Professor Alvarez was kind enough to send us 
in Liverpool a piece of calcium metal which was 
bombarded in May, 1938, with deuterons of 
energy 8 Mev for 100 microampere hours and 
such long period activities have been observed 
and their properties studied in some detail. 
However, additional experiments have been 
necessary in order to identify the new bodies with 
certainty and these have been carried out by 
one of us (H.W.) working in the Radiation 
Laboratory of the University of California. 
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For convenience of reference, the stable iso- 
topes referred to in the text are given in Table I. 


APPARATUS 


The general nature of the various radioactive 
bodies was investigated by means of the large 
expansion chamber designed by Williams! and 
used as described by Walke, Williams and 
Evans? in their investigations of V*’, V**, Ti! and 
Sc“. This chamber has a large effective volume 
and a sensitive time of 0.4 sec. The radioactive 
sources to be investigated were placed inside the 
chamber, thus reducing to a minimum the ab- 
sorption between the source and the region 
where tracks could be observed. The radioactive 
material was covered with a shutter which was 
timed to open during the sensitive period of the 
chamber. A magnetic field was used to determine 
the sign of the electrons emitted and also to clear 
the chamber of electron tracks when investigat- 
ing x-radiation from the source. For the latter 
purpose the maximum field available, viz., 2200 
oersteds was used. This was sufficient to bend 
away all the electrons and thus give a clear 
background for any photoelectron tracks pro- 
duced by x-rays. The x-radiation in the present 
investigation is the K radiation from potassium 
whose quantum energy is ~4500 ev. The corre- 
sponding photoelectrons in air at atmospheric 


. pressure have a very short range, appearing as 


spots in the photographs. The rate of decay of 
the long period positrons* was obtained by 


TABLE I. Stable isotopes to which reference is made in the text. 


Mass NuMBERS AND ABUNDANCE 


20Ca | 40 42 43 44 46 48 
100 0.66 0.15 2.13 0.0034 0.191 
21Sc 45 
100 
‘22Ti 46 47 48 49 50 
10.82 10.56 100 7.50 7.27 


1E. J. Williams, Proc. Roy. Soc. A172, 194 (1939). 

? Walke, Williams and Evans, Proc. Roy. Soc. A171, 
360 (1939). 

* Considerable attention has been devoted to the posi- 
trons of long half-life which were at first thought to be due 
to an isomeric form of Ca“. (It was noted, however, that 
the cross section for the formation of this body assuming 


the reaction to be Ca*®°+H*~+Ca‘*!+-H! was smaller by a 
factor of 100 than the corresponding cross section for the 


counting tracks on photographs taken at differ- 
ent intervals over a period of 6 months. In these 
measurements precautions were taken to ensure 
that the photographs were obtained under 
identical conditions in particular that the time 
(0.3 sec.) for which the shutter was open was the 
same throughout. This time was controlled by 
switches placed in the path of a falling weight 
and could be reproduced at long intervals with 
an accuracy of 0.01 sec. 

The rate of decay of the various activities was 
obtained from measurements of the ionizations 
produced using a standard Lauritsen electro- 
scope. The electroscope had a window of alumi- 
num 0.0013 mm thick equivalent in stopping 
power for 8-rays to about 4 mm of air. 

The absorption in aluminum of the electrons 
emitted by the various sources was measured 
using as a detector a Geiger-Miiller counter with 
a thin mica window and the arrangement de- 
scribed by Feather,’ or a Lauritsen electroscope.t 

The quantum energy of the y-rays emitted 
was obtained from measurements of the ranges in 
aluminum of their recoil electrons. The method 
adopted was the standard one of counting 
coincidences in two thin-walled counters between 
which aluminum foils could be placed, the recoil 
electrons being ejected from the wall of the 
counter near the source. 

The radioactive materials were prepared with 
the 37-inch Berkeley cyclotron. 


K-ELECTRON CAPTURE AND INTERNAL 
CONVERSION IN 


From the early experiments no evidence was 
obtained for Ca‘! which was therefore assumed 


production of Ca.) It now seems probable that the posi- 
trons are due to Na* formed from a small percentage of 
magnesium present as impurity in the calcium, the reac- 
tion being Mg*-+H?-Na*+ He‘. Thus, the half-life (de- 
termined with the cloud chamber) 3.5+0.5 years and the 
energy of the positrons 0.50+0.05 Mev agree reasonably 
well with the known values for Na viz. 3.0+0.2 years and 
0.55+0.02 Mev, respectively. Moreover, y-radiation of 
energy 1.4+0.1 Mev has been observed which accords with 
the recently published figure 1.3-+0.1 Mev given by Op- 
— and Tomlinson. Finally, chemical analysis 
as shown that a long period activity can be separated with 
sodium after the careful removal of scandium, calcium 
and potassium. The amount S impurity 
necessary to account for the o itrons is 0.4 
percent which is not unreasonable for calcium metal. 
3N. Feather, Proc. Camb. Phil. Soc. 34, 599 (1938). 
t Feather’s (reference 3) range energy relation was used 
to calculate the energy of electrons >0.7 Mev. Below 0.7 
Mev the relation for homogeneous §-rays was applied. 


| 
| 
| 
18A 36 38 40 
0.308 0.061 100 
19K 39 40 41 
100 0.012 7.15 
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to have a very long or a very short half-life. 
Following the discovery of nuclear K-electron 
capture, however, it seemed more probable that 
the failure to observe this isotope was due to its 
decaying by K capture and thus emitting only 
very soft x-radiation which would make its 
activity very difficult to detect. 

_ We therefore looked for the emission of x-rays 
from calcium metal which had been activated 
with deuterons using the large cloud chamber to 
detect the photoelectrons. After the 52-hour 
activity of Sc“ produced in the reaction Ca* 
(H?, n') Sc“ had decayed entirely the source was 
found to emit large numbers of low energy elec- 
trons, positrons, x-rays and a group of high 
energy electrons present in small intensity. 
Most of the soft electrons and positrons are 
emitted by activities of long half-life but the 
x-radiation decayed much more rapidly as did 
the group of high energy electrons. The cloud- 
chamber pictures suggested that the electrons 
were distinctly homogeneous in energy. This 
was confirmed by absorption measurements 
which showed in fact that they constituted a 
line of electrons of energy 1.10.05 Mev. 

The decay of part of the sample and of calcium 
oxalate precipitates chemically separated from 
other portions were investigated with an electro- 
scope. The various samples decayed in the same 
fashion, the curves being complex; however, 
they could be analyzed into two components 
due to two radioactive isotopes of calcium with 
half-lives 8.5+0.8 days and 180+10 days, 
respectively. 

The cloud-chamber observations showed that 
the energetic electrons and almost all the x-rays 
were absent when the 8.5-day activity had gone, 
though the majority of the positrons and soft 
electrons remained. The association of the elec- 
tron line with the half-life 8.5 days was also 
established by absorption measurements. It was 
found in addition that a hard y-ray of energy 
1.1+0.1 Mev accompanied this activity. 

The close agreement between the energy of the 
hard electrons and the y-radiation suggested 
that the electrons are in fact produced by the 
internal conversion of the y-ray. That this is 
very probable appears from the absorption curve 
shown in Fig. 1. The shape is quite different from 
that of a continuous spectrum of similar energy. 


on O12 ous O14 018 0.16 
THICKNESS OF ALUMINIUM 


Fic. 1. Absorption curve showing electron 
line emitted by Ca“. 


However, the number of x-ray quanta emitted 
is greater than the number of conversion elec- 
trons by a large factor (precise ratios are un- 
fortunately not at present available, though 
further studies are planned). The majority of the 
x-rays are therefore not produced by the internal 
conversion process but arise in some other man- 
ner, most probably by K-electron capture. It has 
not been possible to identify the atomic number 
of the emitting atom in this case because of the 
very low energy of the K radiation and the high 
background of y-rays. But it seems likely that 
this 8.5-day activity is due to a form of Ca“ 
decaying by K-electron capture. In some cases 
the K electron is captured into the ground state 
of the product nucleus K* but a considerable 
fraction of the K* nuclei are left in an excited 
state 1.1 Mev above the ground state. The 
y-radiation then emitted is internally converted 
and so gives rise to the electron line. The internal 
conversion coefficient of the y-radiation has not 
yet been measured accurately but appears to be 
exceptionally high—most probably greater than 
0.1 percent. This requires a large spin difference 
between the excited state and the ground state, 
a result which is rather unexpected. Quite similar 
results, however, have been obtained with 
Cr*! which has been more fully studied and will 
be reported in detail later.‘ 

The excitation of the level at 1.1 Mev indicates 
that positron emission by this 8.5-day activity is 
energetically possible. However, the existence 
of positrons with this half-life has not been es- 
tablished with certainty. The majority of the 
emitted positrons have a half-life of about 3 
years* and a small effect due to the short period 
could easily have been missed. 

‘Walke, Thompson and Holt. To be published in the 
Physical Review. 

See asterisk footnote on p. 178. 


er- 
se | 
ire 
ler 
ne 
he 
by 
ht 
‘as 
ns 
ni- 
ng 
ns 
ed 
th 
le- 

ed 
in 
od 
ng 
en 
il 
he 
th 
as 
ed 
si- 
of 
le- 
of 
ith 
sis 
ith 
im 
ed 
).7 


yy 


ou 03 
THICKNESS OF ALUMINIUM —CM 


Fic. 2A. Absorption in aluminum of electrons emitted 
by Cow The end point at 1.8 Mev is probably due to Sc 
in equilibrium with its 2.5-hour parent. 


By subjecting spectroscopically pure calcium 
oxide to a prolonged bombardment with fast 
neutrons (700 microampere hours 8-Mev deu- 
terons on beryllium), a weak activity of half- 
life 8.5+1.0 days has been observed. This is 
probably due to Ca*! formed in the reaction 


Ca®+n'!—Ca*!+ 


This form of Ca‘! would be quite unsuitable for 
biological work in spite of its convenient half- 
life because of the high absorption of the soft 
x-radiation which is the main radiation emitted. 


IsOMERS OF Ca‘? 


The radioactive isotope of calcium of half- 
life 2.5 hours which can be produced by bombard- 
ing calcium with deuterons and slow neutrons 
emits negative electrons and y-radiation. It was 
previously assumed to be Ca“, the assignment 
being at that time unique, for no stable isotope 
of calcium of mass number greater than 44 was 
then known. The discovery by Nier that both 
Ca“ and Ca** are stable made the assignment 
uncertain and suggested moreover that other 
radioactive calcium isotopes could be produced. 

In this connection it may be noted that a 
30-minute period was previously observed by one 
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of us (H. W.)5 in calcium metal which had been 
activated with slow neutrons. It was then not 
closely investigated as it was thought to be due 
to chlorine contamination. 

The short-lived activities induced in calcium 
by deuterons and slow neutrons have therefore 
been carefully reinvestigated using various 
calcium compounds as targets. In particular 
spectroscopically pure calcium oxide (Hilger 
11814) has been extensively used for slow neu- 
trons studies. 

It has thus been established that the body of 
half-life 30 minutes previously assumed to be 
impurity is in fact a true activity which can be 
induced in calcium with slow neutrons and 
deuterons but not with fast neutrons. It has been 
chemically separated as calcium and its half-life 
measured with six different samples is 30+1 min. 

Since negative electrons are emitted this 
radioactive isotope of calcium is probably to be 
associated with Ca* or Ca‘® produced according 
to the reactions 


Ca“+n'—Ca*+7; 


It cannot be a metastable isomer of a stable 
calcium isotope since it is produced by slow 
neutrons. However, as shown in a previous 
paper, Sc*® is itself B-radioactive with a half-life 
of 57+2 minutes. If, therefore, either of the 
calcium isotopes of half-lives 30 min. and 2.5 
hours were Ca*® and thus the parent of the 57- 
minute Sc*® it should be possible to extract Sc*® 
from calcium which had been activated with 
slow neutrons. 

Several experiments to test this point have 
been made, and it is indeed possible to produce 
strong sources of Sc*® in this way. The separated 
scandium was chemically purified very carefully 
(being reprecipiated in the presence of inactive 
calcium at least three times) and was observed to 
decay with a single period of 57+2 minutes. 
Moreover, by making successive extractions of 
scandium at intervals after activation had 
ceased it was established that certainly the body 
with half-life 2.5 hours is one parent of Sc*. 
Thus Sc*® could be chemically extracted six 


hours after the sample had been initially freed 


5H. Walke, Phys. Rev. 51, 439 (1937). 
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from scandium, even when any Sc*® which 
might have resulted from the decay of the 
30-minute body was carefully separated 2.5 
hours previously. 

The activity of half-life 2.5 hours previously 
assigned to Ca* is then in fact due to Ca*®. 

At present we cannot decide definitely whether 
or not the 57-minute period also grows from the 
calcium isotope of half-life 30 minutes since it has 
not yet been found possible to carry out the 
chemical separations sufficiently rapidly. The 
problem is complicated, moreover, by the fact 
that the intensity of the 30-minute activity is 
considerably less than that of the body of half- 
life 2.5 hours. 

There is other evidence, however, which indi- 
cates that the 30-minute activity is an isomer of 
Ca*® rather than Ca“ since a number of experi- 
ments have clearly established that neither the 
30-minute nor the 2.5-hour period can be pro- 
duced by bombarding scandium with fast neu- 
trons, though Ca“ (see next section) can be pro- 
duced by the reaction. 


In this connection it must be noted that the 
previous assignment of the 2.5-hour period to 
Ca* appeared to be confirmed by the observa- 
tion of an activity with quite similar half-life 
when titanium was bombarded with fast neu- 
trons (reaction Ti‘*+n!—-Ca*+He‘).6 These 
experiments have been carefully repeated using 
high purity titanium donated by Messrs. N. V. 
Philips Gloeilampenfabrieken of Eindhoven, 
Holland,* but no such 2.5-hour period has been 
observed. It is probable that the titanium used 
previously contained traces of iron or manganese 
impurity. 

In the first report of the energy of the radia- 
tions emitted by the isotope of half-life 2.5 hours® 
the value given for the electrons was 1.9+0.1 
Mev, the y-rays being said to be softer than 
annihilation radiation. These measurements have 
been repeated by studying the absorption of the 
emitted radiation in aluminum and lead. The 
absorption curves for the electrons are shown in 
Figs. 2A and 2B. The “spectrum” is certainly 


*H. Walke, Phys. Rev. 52, 777 (1937). 
_ *Itisa pleasure to thank Messrs. N. V, Philips for mak- 
ing us this gift of high purity titanium metal. 
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Fic. 2B. Absorption curve of radiations from Ca*® showing 
hard group of 8-rays and y-radiation. 


complex, the previously assumed soft y-rays 
being actually a group of 8-particles of maximum 
energy 2.3+0.1 Mev. The end point at 1.8+0.1 
Mev is very probably the upper limit of the 
spectrum due to the transformation product 
Sc? (E=1.8+0.1 Mev).® 

An interesting feature of the curve is the con- 
siderable intensity of low energy electrons which 
is somewhat unexpected for a 6-spectrum with 
such a high upper limit. It is possible that these 
may be conversion electrons emitted in the 
y-transition between isomeric states of Ca*®. 

The y-ray energy 0.8+0.1 Mev has been ob- 
tained from absorption measurements in lead. 

Since the transformation product Sc* is in 
equilibrium with the Ca*® of half-life 2.5 hours, 
it is apparent that the results of biological .ex- 
periments using Ca‘® would not be accurate. 
If, moreover, the 2.5-hour period should prove 
to be associated with the metastable form of 
Ca**, then it is possible that some complex 
organic molecules containing Ca*® would be 
decomposed by the y-decay (as in the case of 
bromine, tellurium, etc. Ca*® would, therefore, 
not be very suitable as an indicator in biological 
research. 


Lonc-Livep Ca*® 


After the decay of the 8.5-day activity the 
majority of the particles emitted by calcium 
which has been activated with high speed deu- 
terons are electrons of low energy (~ 100,000 ev). 
It has been established by a number of careful 
chemical analyses* that these radiations are 
emitted by a radioactive isotope of calcium of 


half-life 180+10 days (Fig. 3). 


*See Appendix. 
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It is unlikely that this new isotope is Ca‘? for 
the low abundance of the stable Ca‘’ (0.0034 per- 
cent) precludes the possibility of its formation by 
the reaction : 


Moreover, Ca‘? would decay to Sc*’ of half-life 
63 hours, and this active body could be chemi- 
cally separated from the Ca*’ with which it would 
be in equilibrium. Repeated chemical analyses 
have proved, however, that no active scandium 
is produced by the decay of the 180-day activity. 
Since Sc“ is the only stable scandium isotope, 
it is, therefore, probable that this long-lived 
B-radioactive calcium isotope is Ca“ produced 
by the reaction: 


Ca“+H?—Ca*+H!; Ca®>Sc*+e-. 


The electrons emitted by Ca“ consist of two 
groups. The main group has a maximum energy 
of 0.19+0.01 Mev. The absorption in aluminum 
is shown in Fig. 4. The second more penetrating 
group of electrons is present to an extent of 
~S5 percent and has a maximum energy of 
0.91+0.03 Mev. 

The y-radiation emitted by the total calcium 
activity (including the long-lived positrons) 
consists of two components of which the energies 
are 0.71+0.03 Mev and 1.4+0.1 Mev. The 
energy of the softer y-ray is quite close to the 
energy difference between the two groups of 
B-rays. We may therefore tentatively ascribe it 
to transitions between an excited state of Sc“ at 
0.71 Mev above the ground state and the ground 
state. The two electron groups are thus due to 
B-decay of Ca“ to the excited and ground states, 
respectively. The 1.4 Mev 7-ray is probably due 
to Na” contamination. 


Fie. 3. Decay curves of Ca® after activation 
with 8-Mev deuterons. 


By subjecting spectroscopically pure calcium 
oxide to a prolonged bombardment with slow 
neutrons, evidence has been obtained for the 
formation of Ca“ according to the reaction 


Ca* has also been chemically separated from 
high purity scandium oxide which had been bom- 
barded inside a cadmium box with neutrons from 
a beryllium target which was bombarded for 
700 microampere hours with deuterons of energy 
8 Mev. One sample of active calcium carbonate 
was purified by redissolving and reprecipitating 
in the presence of inactive scandium on four 
separate occasions yet it retained the long period 
activity. Ca“ has therefore been produced by the 
reaction 

Sc#-+n!—Ca*+H!; Ca*®—Sc*+e-. 


No short-lived activity was obtained, proving 
that neither the 2.5-hour period nor the 30- 
minute period are associated with Ca®. 

Since Ca“ has such a long half-life and as it 
does not give rise to a radioactive product, it 
should be a useful tool in biological research for 
it appears probable that by using the probe 
method originated by Wilson and Kamen’ 
strong samples of the active body may be pro- 
duced. Unfortunately most of the emitted 


‘radiations are relatively soft and are readily 


absorbed. However, useful work has been done 
using S* which emits even less penetrating 
electrons so that this difficulty can certainly be 
overcome. 


BOMBARDMENT OF CALCIUM WITH 
Fast NEUTRONS 


By bombarding calcium with fast neutrons, 
Pool, Cork and Thornton® observed a weak 
activity of half-life 4.5+0.5 min. which they 
ascribed to Ca**. In similar experiments one 
of us (H.W.)® has previously separated from 
calcium two radioactive potassium isotopes with 
half-lives 18+1 min. and 12.5+0.5 hours, 
respectively, the latter being due to K*. 

These experiments have been repeated several 


7R. R. Wilson and M. D. Kamen, Phys. Rev. 54, 1031 


1938). 
8 Cork and Thornton, Rev. 52, 239 (1937). 
* H. Walke, Phys. Rev. 52, (1937). 
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times, and the activity of half-life 4.5+0.5 min. 
has been observed even with very high purity 
calcium oxide. It seems likely, therefore, that 
it is a specific calcium effect and not due to im- 
purity. However, the activity is so much weaker 
than the other fast neutron activities in calcium 
that it would seem rather unlikely that this is 
Ca*® due to the reaction 


2n! 


for Ca*® is 97 percent abundant compared with 
0.6 percent for Ca® from which K® is produced. 

Moreover, as has been pointed out by Profes- 
sor Wigner,* if one extrapolates the results of 
White, Delsasso, Fox and Creutz’ for the half- 
lives of nuclei of the type (n—p) = +1, it can be 
estimated that the half-life of Ca** is probably 
less than one second and that the maximum 
energy of the emitted positrons should be about 
4.9 Mev. 

It has not yet been possible to separate the 
4.5-min. body chemically. At the moment, there- 
fore, we cannot identify it. 

A search has been made for long-lived isotopes 
of potassium by bombarding calcium with fast 
neutrons for long periods, but none have been 
detected. 

Moreover, the mass number of the potassium 
isotope of half-life 18+1 minutes has not been 
identified. If it were K*, one might expect to 
observe the 18-minute period by bombarding 
argon with energetic a-particles, the reaction 
being 


Such an experiment has been performed by bom- 
barding argon at atmospheric pressure with 
a-particles of 16 Mev energy for 3 microampere 
hours but no induced radioactivity was detected. 
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APPENDIX 


Chemical procedure used with calcium metal which had 
been bombarded with 8-Mev deuterons 


The active layer was scraped off and dissolved in dilute 
HCI to which was added 50 mg of NaCl, 20 mg of ScCl,; and 
KCl, and excess of NH,Cl. (The latter was included to 
prevent the precipitation of calcium as hydroxide during 
the separation of the scandium.) The scandium was then 
precipitated as Sc(OH); by the addition of carbonate free 
ammonia. The Sc(OH); was filtered off and after washing 
was redissolved in dilute HCI containing CaCl, NaCl and 
KCI and excess NH,Cl. Sc(OH)s; was then reprecipitated 
and the whole process repeated twice more. After three 
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purifications, the Sc(OH); was dissolved in dilute HCl. 
Finally the solution was neutralized and the scandium 
precipitated as oxalate. 

The filtrate from the first precipitation of Sc(OH); was 
purified by adding traces of inactive ScCl; and precipitating 
the scandium as hydroxide with NH,OH. Sc(OH); was 
removed three times in this manner, and it was assumed 
that the solution was thus freed of active scandium. 
Calcium was then extracted as follows: The solution was 
heated on a water bath and the calcium precipitated as 
oxalate by adding ammonium oxalate in excess. The cal- 
cium oxalate was filtered off and after washing was redis- 
solved in HCl. Inactive NaCl and KCl were added to the 
solution which was then neutralized. The calcium was 
reprecipitated as oxalate, filtered and washed. It was as- 
sumed to be free of Sc, Na and K. 

The residual solution was heated and oxalate removed by 
adding inactive calcium chloride in excess. The insoluble 
calcium oxalate was removed and the solution thus purified 


of calcium. Excess calcium was then carefully removed by 
adding small amounts of ammonium oxalate and filtering, 
After four such treatments, it was assumed that the soly- 
tion was free of calcium. 

After removing the calcium, the filtrate was evaporated 
to dryness to drive off NH; and the residue was dissolved 
in water. From this potassium was precipitated as per- 
chlorate by the addition of perchloric acid and ethy| 
alcohol. 

The residual solution was finally acidified with concen- 
trated HNO; and the perchloric and nitric acids distilled 
off. The small residue containing the sodium was dissolved 
in water and evaporated to dryness. 

It was found that the scandium and potassium precipi- 
tates were completely inactive as determined with a thin- 
walled counter. Most of the activity was found in the 
calcium oxalate which was observed to emit the soft elec- 
trons of Ca* and y-rays, but some activity remained in the 
sodium residue and could not be separated from it. 
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Acceleration of Electrons in a Crystal Lattice 
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‘Ihe motion of an electron in a periodic potential field, and accelerated by a uniform field, 
can be obtained by treating the time-dependent Schroedinger equation. The result shows 
that the wave vector increases linearly with the time within the bounds of a single Brillouin 
zone. At the boundaries of the zones transitions to other zones may take place if the accelerating 


field is large enough. 


HE motion of an electron in a periodic po- 

tential field has been studied extensively in 
connection with the theory of solid bodies. The 
energy characteristic functions are known to 
have the form 


¥x(r, =u,(r) exp (tk-r) exp [—tEyt/h], (1) 


where k is called the wave vector, and the func- 
tion u(r) is periodic in r with the period of the 
potential energy. When no boundary conditions 
are imposed, k can take on any value, and, except 
along certain surfaces which are boundaries of the 
Brillouin zones, uy, and Ey, are continuous func- 
tions of k. It is frequently convenient to use, 
instead of k, the reduced wave vector. This 
differs from k by a vector of the reciprocal 
lattice, and lies in the first Brillouin zone. 

The motion of the electrons when a uniform 


electric field is superimposed on the periodic field 
has presented a little difficulty, because of the 
fact that the potential of such a field becomes 
infinite, and the position of its zero value has no 
physical significance. If boundaries are put on 
the field there appear boundary effects that are 
believed to be of no significance in treating the 
behavior of electrons in crystals. If such bound- 
aries are not used, the integrals involved diverge. 
Bloch! originally handled the problem by con- 
structing a wave packet out of functions of the 
form (1). The motion of such a packet led to the 
conclusion that the wave vector k changes at a 
uniform rate under the influence of an external 
field, but the method of proof was such as to be 
valid only when k was far from the edge of a 
Brillouin zone. No indication was given of the 


1F. Bloch, Zeits, f. Physik 52, 555 (1928). 
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behavior at the zone boundary. This question 
was considered later by Jones and Zener? and by 
Zener.* Zener showed that with a sufficiently 


large field some electrons will jump from one. 


band of energy levels to the next, and he evalu- 
ated the probability of such a transition. Al- 
though Zener’s work leads to a correct under- 
standing of the process, it may be worth while 
to consider a more direct method of derivation. 

The result of the wave packet treatment sug- 
gests the study of the function 


V(r, t) =Uxsac(r) exp 
xexp| f (2) 


with 2=ee/h. This function satisfies the Schroe- 
dinger equation, 


—(h?/2m)V*y+ {| V(r) —ee-r}y= 

—(h/i)ay/at, (3) 
except for the quantity 
—(h/i){%- exp [i(k+24)-r] 


xexp| f (4) 


The remainder is zero in case 1=0, when no field 
is present, and also in case grad, u,=0, the free 
electron case. In the case of free electrons Eq. (2) 
reduces to the solution given by Darwin.‘ It is to 
be emphasized that there is no question of at- 
tempting to define energy characteristic states, 
but rather of solving the whole Schroedinger 
equation for the time dependence of the wave 
functions. 

In case neither 2 nor grad, u, is zero, but their 
product is very small, the function (2) will be an 


approximate solution of the differential equation. 
For small values of the electric field it will be a 
good solution for a general periodic potential, 
except when k+2¢ approaches the edge of a 
zone. Here, even though 2 is small, grad, u, is 
large or undefined, so that other considerations 
must be invoked. Qualitatively one can see that 
the whole function y will be identical with the 
function corresponding to a point on the op- 
posite side of the zone, so that the electron may 
be said to suffer a Bragg reflection. The end of 
the vector k+2¢ then starts again to move 
across the Brillouin zone in the direction of the 
field. A very weak field (4-0) will not cause an 
electron to jump from one zone to another, but 
will only cause the energy and the wave vector 
to move among the possible values in a single 
zone. This is a case to which the adiabatic 
principle of Ehrenfest is applicable. 

To treat the above case more precisely, and 
to include the case in which 4 is not vanishingly 
small, the remainder (4) must be taken into 
account. A general solution can be written as 
the infinite sum 


y= exp 
Xexp [- (i/h) f | (5) 


where the n are the vectors of the reciprocal 
lattice associated with the periodic potential 
energy. That such an expansion is adequate is 
due to the fact that for any value of k+2/, 
the functions exp [4(k+2en+2) -r] 
form a complete orthogonal set. This solution 
is of the form usual in the method of variation of 
constants, and the problem is to determine the 
time variation of the coefficients. Substitution of 
(5) in (2) leads to the set of equations 


Since both s and n are vectors of the reciprocal 
(1934) Jones and C. Zener, Proc. Roy. Soc. 144, 101 
*C. Zener, Proc. Roy. Soc. 145, 523 (1934). 
*C. G. Darwin, Proc. Roy. Soc. 154, 61 (1936). 


Xexp [ f Exsoen+ar)d (5a) 


lattice, the integral over the volume has the 
periodicity of the potential energy, and need be 
taken only over one cell, if the normalization is 
based on a single cell. From the differential 
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equation for u, it follows that 


ff EXP [2ri(s—n) r |dv 


= in*/m)| f U* TA, / Ey ons} 


whence 


In the case of overlapping bands of energy values, 
(Ex+2enyaxt—Ext2rs4xt) may become zero. In 


_ this case transitions between different bands 


will take place for any value of 4. However, 
even in case the energy bands do not overlap, 
and (Ex420n4.t—Ex4284,1) does not become zero, 
a transition from one band to the next can occur 
if 4 is sufficiently large. 

An idea of the magnitude of the probability of 
transition from one Brillouin zone to another 


can be obtained by considering the case of almost 


free electrons in one dimension. In this case the 
wave vector has only one component, and the 
values between —2/d and +7/d constitute the 
first zone. d is the period of the potential energy. 
Consider an electron whose wave vector is in the 
neighborhood of +2/d. The only other state to 
which there is an appreciable probability of 
transition is that one whose wave vector is in the 


Xexp h) f (6) 


neighborhood of 2/d—2r/d=—-/d. If it is 
assumed that at the time ¢=0 the coefficient 
ao=1, and a_,=0, the coefficient @_, will in- 
crease in accordance with Eq. (6). If the prob- 
ability of transition is small enough so that ay 
does not diminish appreciably in the time 
necessary for (k+4#) to pass the point w/d, the 
total probability of transition for the passage 
over this zone boundary turns out to be 


where a=mV,°d/eeh?, and 2V> is the discon- 
tinuity in the energy. This is very similar to the 
result of Zener. It is vanishingly small for large 
values of a but increases rapidly as a decreases 
toward one. This rapid increase suggests the 
application to the breakdown of insulating 
crystals which was pointed out by Zener. 
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Gamma-Rays from Aluminum Due to Proton Bombardment 


G. P. Piarn, R. G. Hers, C. M. Hupson anp R. E, WARREN 
University of Wisconsin, Madison, Wisconsin 
(Received November 16, 1939) 


A study has been made of the excitation of gamma-rays from thin films of aluminum bom- 
barded by protons in the energy region 0.46 Mev to 2.6 Mev. The excitation curve exhibits 
a complex system of closely spaced resonances over the entire region investigated. By means 
of coincidence counters measurements were made of the average energy of the radiation 


emitted at several of the resonances. 


INTRODUCTION 


PRELIMINARY investigation of the yield 

of gamma-rays from thick targets of alumi- 
num bombarded by protons was made at this 
laboratory three years ago by Herb, Kerst and 
McKibben.! In this work the yield was investi- 
gated up to 2.1 Mev. More recently Gentner? 
made a study of this reaction using protons in 
the low voltage region on a thick aluminum 
target. The gamma-ray yield curves obtained at 
this laboratory and by Gentner showed a number 
of steps indicating resonance excitation and 
suggested that a detailed investigation of the 
yield from a thin aluminum film might be 
profitable. 

In the present work gamma-ray yields from 
two thin films. of aluminum were investigated in 
detail up to 2.6 Mev. By means of the coin- 
cidence counter method for determining gamma- 
ray energies measurements were made of the 
average energy of gamma-rays from several of 
the resonance levels. 


EXCITATION CURVES 


Relative gamma-ray intensities were measured 
with a Lauritsen type electroscope arranged as 
in the previous work on gamma-rays from 
fluorine* and a current integrator previously 
described! was used for measuring total charge 
incident on the target. 

For a preliminary survey of the low voltage 
region a thick-target yield curve was obtained as 
shown by curve A, Fig. 1. A thick target excita- 

1R. G. Herb, D. W. Kerst and J. L. McKibben, Phys. 
Rev. 51, 691 (1937). 
2 W. Gentner, Zeits. f. Physik 107, 354 (1937). 


*E. J. Bernet, R. G. Herb and D. B. Parkinson, Phys. 
Rev. 54, 398 (1938). 


tion curve such as this does not serve to give 
details of resonance structure but it does help 
for locating resonances in the low voltage region. 
Searching for these resonances from a thin film 
is very time-consuming since resonances may be 
missed unless yields are taken at closely spaced 
voltages over the entire region. 

Aluminum films for the thin-film work were 
prepared by evaporating aluminum on to tan- 
talum sheets. Tantalum was found to give no 
observable gamma-ray yield when bombarded 
by protons at the maximum generator voltage. 


Film 1 


Film 1, used for curve B of Fig. 1 was prepared 
from Alcoa aluminum with a specified purity of 
99 percent. Because of the complexity of the 
resonance system and the multiplet structure, 
voltage settings were taken as closely together as 
was practicable with normal generator perform- 
ance. Convenient voltage intervals were deter- 
mined by the galvanometer scale of the generat- 
ing voltmeter. For most of the work voltage 
settings were made at intervals of one millimeter, 
which corresponded to voltage intervals of about 
6 kev. To establish the positions of the aluminum 
resonances accurately the position of the reso- 
nance peak at 1.368 Mev was checked against 
the 0.862-Mev fluorine resonance. A CaF: crystal 
covered with nickel gauze was used for this 
voltage calibration. After several determinations 
had fixed the position of the 1.368-Mev resonance 
it was then used as a standard check in all of 
the aluminum work. 

During the course of the work on the excitation 
curves some difficulty was experienced because 
of changes in the sensitivity of the voltmeter 
galvanometer. To minimize the possibility of 
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Fic. 1. Gamma-ray intensity from thin and thick aluminum targets vs. energy of bombarding protons. Resonance energies 
(not corrected for film thickness) are given for the resonances which are believed to be fairly well established. 


error in voltage measurements the voltage cali- 
bration was checked frequently by taking a 
yield curve over the 1.368-Mev peak. 

In the lower voltage region of the excitation 
curve, which was taken first, background in- 
tensity was relatively low, but it rose rapidly 
when the yield curve was carried above 1.4 Mev. 
An investigation showed that part of the back- 
ground was caused by protons striking the brass 
of the magnetic analyzer, but that most of the 
radiation came from a quartz ring in front of 
the defining aperture of the target chamber. 
Rough yield curves from a target of quartz and 
from a target of pure silicon showed that the 


radiation was due chiefly to silicon. The gamma- 
ray intensity from silicon was found to rise 
rapidly with voltage, but a detailed yield curve 
was not obtained and no conclusions could be 
drawn concerning possible resonance structure. 
When a target is bombarded over a prolonged 
period a carbon deposit forms and it appeared 
possible that this deposit might be responsible 
for some of the gamma-radiation observed from 
the aluminum targets. Before further work was 
done on the yield curve from aluminum, gamma- 
ray yields from a thick target of carbon were 
measured at 61-kev intervals up to 2.1 Mev. 
From 0.55 Mev to 1.4 Mev the yield showed no 
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' appreciable rise. A smooth rise between 1.4 Mev 


and 1.9 Mev indicates the existence of a broad, 
weak resonance in this region. 

No further measurements were made on carbon 
since there appeared to be little possibility that a 
thin carbon film could be responsible for any of 
the resonance peaks observed from the aluminum 
targets. 

After elimination of the background radiation 
from brass and from quartz the aluminum yield 
curve was carried from 1.4 Mev up to 2.6 Mev. 
The background yield was found to increase with 
voltage but at every voltage at which it was 
measured its intensity was less than 75 of the 
intensity from the aluminum film at that voltage. 
In all of the work on aluminum, electroscope 
readings were corrected for natural drift but no 
correction was made for background intensity. 
Film 2 

As a check-on the accuracy of the yield curve 
obtained from film 1, a second thin target of 
approximately the same thickness (film 2) was 
prepared by evaporation of highly purified alumi- 
num‘ onto a tantalum sheet. Curve C, Fig. 1, 
was obtained using this film. As in the previous 
work on film 1 the voltmeter was calibrated 
frequently by going over the 1.368-Mev peak. 
The ratio of background intensity to the intensity 
from aluminum was approximately the same as 
in the work on film 1. 

During the course of this work apparatus was 
developed for coincidence counting. This appa- 
ratus proved more suitable than the electroscope 
for the detection of weak radiation, and was 
used to obtain a yield curve in the voltage region 
below 0.700 Mev (Curve D, Fig. 1). It is probably 
that the coincidence counter method would have 
given better results than the electroscope over 
the entire yield curve but because of lack of 
time no further work was done. 

The positions of the resonances observed in the 
low voltage region do not agree with the results 
of Gentner who obtained gamma-ray resonances 
at 425 kev and 560 kev from a thick target of 
aluminum. In taking the data for curve B of 


Fig. 1, the low voltage region was investigated © 


‘This aluminum was obtained through the courtesy of 
Dr. F. C. Frary, Aluminum Research Laboratory, Alumi- 
num Company of America. It had a specified purity of 
99.97 percent. 


after prolonged bombardment of the film and it 
was thought possible that the resonance voltages 
were shifted because of a carbon deposit. How- 
ever, for curves C and D clean aluminum was 
used for investigation of the low voltage region 
and carbon deposits could not be responsible for 
an appreciable shift in the positions of reso- 
nances. Since the voltmeter was checked during 
the work on the low voltage region it seems un- 
likely that the positions given for these resonance 
peaks could be greatly in error. 

Yields from thick aluminum were measured 
roughly down to 0.325 Mev where gamma- 
radiation still appeared to be observable, but 
sufficient time was not spent on this work to 
obtain a reliable excitation curve. 


WIDTHS OF RESONANCE LEVELS 


The experimental widths of resonance peaks 
are due partially to the thickness of the alumi- 
num films. Estimates of the contribution of film 
thickness were made in the following way. The 
area under a thin target peak was divided by 
the height of the corresponding thick target step. 
The quotient gives the absorption thickness of 
the aluminum film and is independent of the 
homogeneity of the proton beam and of voltage 
fluctuations providing they remain the same 
during the measurements. 

The resonance peaks at 0.985 Mev and 1.368 
Mev were used for estimating film thickness. 
The values obtained were not very consistent 
but they indicate that the absorption thicknesses 
of films 1 and 2 were nearly equal with a value 
of approximately 10.5 kev for protons having an 
energy of 0.985 Mev. 

For the data taken with film 1 below 0.960 
Mev the target was turned at an angle of 59° 
from perpendicularity with the proton beam so 
that its effective thickness was increased by a 
factor of 1.93 and the values for gamma-ray 
intensities were divided by 1.93 before plotting. 
This method of treating the data probably 
caused the difference in this region between 
relative heights of peaks from film 1 and the 
corresponding peaks from film 2. 

Peaks in this region are not as wide as should 
be expected from the original measurements on 
film thickness. It is believed that this was caused 
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by evaporation of aluminum from the target, 
since during this work the bombardment current 
used was much higher than that used in other 
voltage regions. For proton energies above 1.4 
Mev on film 1, the target was moved so that the 
proton beam struck a new spot. The target was 
set at an angle so that its effective thickness was 
increased by a factor of 1.56 and yield values 
were divided by 1.56 for plotting. Bombardment 
current was kept low during this work to avoid 
evaporation and checks of film thickness from 
yield measurements at the 1.368-Mev peak 
showed that evaporation was negligible. Thus 
the effective thickness of film 1 in this region 
was approximately 1.5 times the thickness of 
the film used for curve C, which was always 
set perpendicular to the proton beam. This dif- 
ference in film thickness may explain why the 
intensities in the upper voltage region of curve B 
do not drop as low between resonance peaks as 
the corresponding intensities for curve C. 

The relative intensities of the peaks of curve C 
are probably fairly reliable since bombarding 
currents were kept low and checks on the 
intensity of the 1.368-Mev peak showed that 
evaporation was negligible. One spot on the film 
was used for the entire excitation curve. For the 
data of curve D the target was shifted so that 
the proton beam struck a spot not previously 
bombarded. 

The half-widths of 9 resonances corrected for 
film thickness are given in Table I. Curve D 
was used for determining experimental half- 
widths of the resonances it includes and curve C 
was used for determining experimental half- 
widths of the other resonances listed in Table I. 
Resonances below 1.368 Mev which are not 


TABLE I. Half-widths of resonance peaks with corrections for 
film thicknesses. Corrected half-widths are 


estimated to be accurate to 4 kev. 
RESONANCE MEASURED CoRRECTED 
GY HA.LF-WIDTHS THICKNESS -WIDTHS 

(MEv) (KEV) (KEV) (KEV) 
0.505 18.6 17.3 1.5 

0.630. 15.4 14.6 0.8 
0.655 15.4 14.2 1.2 
0.676 15.4 13.8 1.6 
0.734 17.0 13.0 4.0 
0.770 17.0 12.6 4.4 
0.985 12.4 10.5 1.9 
1.120 17.0 9.7 7.3 
1.368 18.6 8.8 9.8 


included in Table I were not obtained with © 


sufficient accuracy of detail to provide reliable 
values for half-widths. With the exception of the 
1.120 Mev and 1.368 Mev resonances experi- 
mental half-widths appear to be due principally 
to film thickness. Unless the values determined 
for film thickness are greatly in error, these 
resonance levels must be very sharp. 

Above the 1.368-Mev peak the resonance 
structure appears to be very complex. Some of 
the small satellites may have been caused by 
changes in background intensity, but many are 
believed to be genuine. Individual components 
of many of the resonance peaks are very sharp, 
but half-value widths have not been estimated 
since details of the curves are not established 
with sufficient accuracy. The relative heights of 
the individual components shown in curve 1 
differ considerably from those shown in curve 2. 
These differences may be due, at least partially, 
to the difference in the thicknesses of film 1 and 
film 2. Errors in reading the electroscope and 
difficulties with voltage fluctuations may also 
account for much of the difference. In some 
instances a change of voltage of 7g percent could 
change intensity sufficiently to make a well- 
resolved satellite appear only as a shoulder. 


PossIBILITY OF FLUORINE CONTAMINATION 


In the previous work on gamma-radiation 
from thin films of fluorine, prominent resonance 
levels were found at 0.862 Mev, 0.927 Mev, and 
at 1.363 Mev: The heights of the peaks at 
0.862 Mev and at 0.927 Mev were 9/10 and 
5/10, respectively, of the height of the 1.363-Mev 
peak. The yield curves from aluminum show a 
prominent resonance at 1.368 Mev and weak 
resonances at approximately 0.862 and 0.927 
Mev. The gamma-radiation from fluorine is much 
more intense than that from aluminum and the 
close correspondence in the above resonance 
voltages strongly suggests the presence of fluo- 
rine as a contaminant in the aluminum. There 
seems to be no possibility that the intense 1.368- 
Mev resonance obtained from the aluminum 
targets could be due to fluorine contamination. 
In all the work on aluminum the intensity of this 
peak relative to other intensities from aluminum 
remained the same. 
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If this peak were due to fluorine contamina- 
tion, then fluorine radiation in other voltage 
regions should appear in the proper proportions. 
Except at 0.863 Mev and 0.927 Mev no simi- 
larity could be observed in the form of the yield 
curves from fluorine and aluminum. Further- 
more, the resonance peaks observed from alumi- 
num at 0.863 Mev and 0.927 Mev are only 3 to 75 
as intense as should be expected, if the 1.368-Mev 
peak is due to fluorine. Thus fluorine contamina- 
tion cannot be responsible for an appreciable 
fraction of the intensity observed from aluminum 
at 1.368 Mev, but the radiation at 0.862 Mev 
and at 0.927 Mev is probably due, at least in 
part, to fluorine. The form of the thick-target 
yield curve in this region shows that if an 
aluminum resonance is present it must be very 
weak. The commercial aluminum used for film 1 
and the highly purified aluminum used for film 2 
both had specified fluorine contents too low to 
contribute an. observable intensity in any region 
of the yield curve, and it therefore seems 
probable that during the process of preparation 
of the thin films some fluorine contamination 
was introduced. 

The fluorine contamination on film 1 appears 
to have been greater than that on film 2. From a 
consideration of the relative heights of these 
peaks as they appear in curves B and C, and the 
relative voltage positions of their maxima, it 
seems probable that there is a weak aluminum 
resonance near the 0.927-Mev fluorine resonance. 

The close correspondence in the voltage posi- 
tions of the 1.363-Mev fluorine resonance and the 
1.368-Mev aluminum resonance suggests that 
this radiation might be due to a common con- 
taminant, yet a consideration of all yield curves 
from aluminum and fluorine during the last 
three years contradicts this assumption. In thick- 
target yield curves from CaF: crystals and 


thin-target yield curves from tantalum fluoride 


films, the 1.363-Mev resonance always appeared 
in the same proportion with respect to other 
fluorine resonances. Similarly for thin and thick 
targets prepared from aluminum of different 
degrees of purity the 1.368-Mev resonance always 
appeared in the same proportion with respect to 
other aluminum resonances. 

Two curves taken over the 1.368-Mev alumi- 
num resonance showed a small satellite at the 
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Fic. 2. Apparatus used for measurement of 
gamma-ray energies. 


position indicated by an arrow on curve C. 
The fluorine 1.363 Mev resonance was definitely 
shown to have a satellite similarly located. 
Results on the satellite of the aluminum reso- 
nance are as yet inconclusive. If present, it is 
not as prominent as that on the fluorine reso- 
nance. No explanation has been found for the 
striking correspondence in voltage position, rela- 
tive prominence, and shape between the 1.368- 
Mev aluminum resonance and the 1.363-Mev 


‘fluorine resonance. It is assumed therefore that 


the correspondence is accidental. 


GAMMA-Ray ENERGIES 


The reaction responsible for the emission of 
gamma-radiation from aluminum .is one of 
radiative capture. In this reaction, 


hy, 


the energy release is 10.6 Mev plus the energy 
of the bombarding proton. 

Gentner investigated the energies of the 
gamma-rays emitted from a thick target of 
aluminum bombarded by protons of 0.600 Mev. 
He used two Geiger-Miiller tubes operating in 
coincidence for detecting secondary electrons 
ejected from aluminum and determined the 
thickness of aluminum absorber which reduced 
the coincidence yield to one-half its value with 
no absorber between the counting tubes. 

From this measured half-value thickness and a 
calibration curve relating half-value thickness to 
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Fic. 3. Absorption curves for secondary electrons due to 
gamma-rays from lithium and from fluorine. 


gamma-ray energy, Gentner concluded that the 
average energy of the gamma-rays he observed 
from aluminum was 3.4 Mev. 

It was thought probable that gamma-radiation 
emitted in this reaction might vary from level 
to level over the yield curve and that an investi- 
gation of the radiation emitted at different 
resonances might give information regarding the 
energy level system of Si?*. In carrying out this 
investigation the coincidence method was used 
and following Gentner and other workers the 
half-value thickness of absorber was used in 
conjunction with a calibration curve for esti- 
mating average gamma-ray energies. 

The Geiger-Miiller tubes used for this work 
have glass envelopes with thin portions 0.10 to 
0.20 mm thick, 5 cm long and 2 cm in diameter. 
A thin silver coating inside the tube served as 
the cathode. After the tubes were outgassed by 
a hydrogen discharge, they were filled with 
hydrogen to a pressure of 7 cm of Hg. 

The counter tubes were mounted inside a lead 
box as shown in Fig. 2. Gamma-rays from the 
target enter the lead box through a rectangular 
opening 1” An aluminum plate 3?” thick 
was placed as shown in Fig. 2, to provide a 
source of secondary electrons. It covered the 
entire lead floor of the box as well as the aperture 
and therefore served to absorb secondary elec- 
trons generated in the lead. 

The Neher-Harper method of quenching the 


discharges was used, with a 2-megohm resistor 
and a 6J7 tube. Circuit constants are those of 
Wilson® except that an adjustable positive grid 
bias was added to the second stage to improve 
resolving time. An arrangement also was made 
by which single counts in the lower of the count- 
ing tubes were recorded as well as the coincidence 
counts, and coincidence yield was taken as the 
ratio of coincidence counts to single counts. 
This procedure was helpful in thin-film work 
where a small change in voltage could cause a 
large change in gamma-ray yield. 

Scaling circuits were used both for counting 
pulses from the lower tube and for counting 
coincidences. Measurements of the resolving time 
of the circuit as used, gave values of 4X10- to 
6X10-* second. 


ABSORPTION CURVES 


Gamma-rays from protons on lithium and 
from protons on fluorine were used for obtaining 
a calibration curve giving half-value thickness as 
a function of gamma-ray energy. During the 
course of the work from June 12 to August 12, 
six absorption curves were taken for the second- 
ary electrons due to gamma-rays from fluorine, 
in which the half-value thicknesses ranged from 
2.7 to 2.9 mm of aluminum. All the data on 
fluorine were averaged to give the curve shown 
in Fig. 3. Absorption curves for the secondary 
electrons from lithium gamma-rays were taken 
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Fic. 4. Showing half-value absorption thickness as a 
function of gamma-ray energy. 


5 V. C. Wilson, Phys. Rev. 53, 337 (1938). 
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on June 15 and August 12, and half-values of 7.2 
and 7.4 mm, respectively, were obtained. Yields 
were averaged to give the curve for lithium 
shown in Fig. 3. 

Measurements of the effective counter wall 
thickness by coincidence counting and by rough 
optical methods gave values between 0.10 and 
0.20 mm of aluminum. Each absorption curve 
was therefore extrapolated back 0.30 mm to 
give the coincidence yield that would result if 
there were no counter walls acting as an ab- 
sorber, and the thickness of aluminum which 
reduced the yield to half that value was found 
from the curve. 

The half-value thicknesses determined by the 
curves of Fig. 3 give the values which are plotted 
in Fig. 4, showing gamma-ray energy as a func- 
tion of half-value absorption thickness. 

Results from aluminum were averaged to give 
the curves shown in Fig. 5. Since the coincidence 
yields for zero, thickness of absorber varied 
slightly, yields were adjusted to make these 
points coincide. For this adjustment, the ordi- 
nates of curves F, G, and H were multiplied by 
0.998, 0.996 and 1.042, respectively. For curves 
F, G, and H two thousand or more coincidences 
were counted at each point. For curve E, 980 
counts were obtained at the lowest point and 
over two thousand at the other two. 

Gamma-ray energies determined by the curves 
of Fig. 5 are given in Table II. 

The values determined for gamma-ray energies 
are much lower than should be obtained if the 
energy is released in only one step and they are 
considerably too high for agreement if a two-step 
radiative process is assumed. Moreover the rise 
in observed values of gamma-ray energies in 


TaBLE II. Energies of gamma-rays from aluminum as 
determined by curves of Fig. 5. The value 11.2 Mev 
for the available energy due to 700-kev protons on 
a thick target is a rough average for the 
resonances which are excited. 


HALrF- GamMa- REACTION 


PROTON VALUE Ray ENERGY 
ENERGY (MM OF ENERGY AVAILABLE 
Curve (MEv) TARGET AL) (MEv) (MEv) 
E 0.550 Thick 2.70 6.1 11.1 
F 0.700 Thick 2.87 6.5 11.2 
G 0.985 Thin 3.40 7.7 11.6 
H 1.368 Thin 3.60 8.2 12.0 
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Fic. 5. Absorption curves for secondary electrons due to 
gamma-rays from aluminum. Curve E, 0.550-Mev protons 
on thick aluminum target. Curve F, 0.700-Mev protons 
on thick aluminum target. Curve G, 0.985-Mev protons 
on thin aluminum target. Curve H, 1.368-Mev protons 
on thin aluminum target. 


going from low voltage to high voltage reso- 
nances is considerably greater than expected 
from a one-step or a two-step radiative process. 

The experimental results can be explained if it 
is assumed that a certain percentage P of the 
nuclei radiate in one step and that the remainder 
radiate in two or more steps. To account for 
the change in gamma-ray energy with the 
voltage of resonance, it must be assumed that P 
increases in going from low voltage resonances to 
high voltage resonances. Values of P were com- 
puted from the data of Table II assuming that 
there are no transitions of more than two steps 
and that the experimental values for gamma-ray 
energies give the average energies of the radia- 
tion. With these assumptions P has a value of 
18 percent for radiation from the 0,505-Mev 
level and it rises to 54 percent for radiation from 
the 1.368-Mev resonance. 

A search was made for soft radiation of the 
order of 1 Mev or less from aluminum bom- 
barded by protons. None was detected, but the 
results were not conclusive. Background radia- 
tion caused difficulty in measurements on weak 
resonances from thin films. Measurements with 
a thick target indicated that for protons of 
energies up to 1.8 Mev, not more than 0.1 of 
the radiation is soft. 

This work was supported by the Wisconsin 
Alumni Research Foundation, and by a grant 
from the Penrose Fund of the American Philo- 
sophical Society. 
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A Note on Nuclear Isomerism 


R. G. SAcHs 
The George Washington University, Washington, D.C. 
(Received December 6, 1939) 


It is suggested that nuclear isomerism may be due to the fact that the two lowest nuclear 
states have zero angular momentum and opposite parity. The lifetime of the first excited 
state is estimated under these conditions for the emission of two quanta and for the ejection 
of two electrons from the K or L shell. The possibility of distinguishing experimentally between 
this hypothesis and that of Weizsdcker is discussed. 


yewsacker has suggested that nuclear 
isomerism can be explained by assuming 
that the angular momentum of the isomeric 
nucleus in its first excited state differs consider- 
ably from the angular momentum in the ground 
state. Under this condition, since radiation tran- 
sitions between the two states are strongly 
forbidden, the first excited state is metastable. 
The degree of metastability has been estimated 
by Bethe? for y-ray transitions involving several 
units of angular momentum. He found a half- 
life of 2X10® years for an energy difference of 
0.025 Mev and for Al=5. However, Hebb and 
Uhlenbeck’ have pointed out that the possibility 
of radiationless transitions with the ejection of 
extranuclear electrons‘ shortens the lives, with 
the result that the lifetime is of the order of 104 
years for the same change in energy and angular 
momentum. 

There is, however, another possible explana- 
tion of the isomerism. If one assumes that the 
ground state and the first excited state of the 
nucleus have zero angular momentum and that 
they have opposite parity, the transition between 
them is forbidden for y-radiation, direct ejection 
of an atomic electron, or pair production.> The 
transition can take place only by means of second- 
order effects such as two-quanta emission, two- 
electron ejection, double pair formation, etc. 

1C. F. v. Weizsacker, Naturwiss. 24, 813 (1936). 


2H. A. Bethe, Rev. Mod. Phys. 9, 69 (1937). 
3M. H. ae and G. E. Uhlenbeck, Physica 5, 605 


(1938). S. - Dancoff and P. Morrison, Phys. Rev. 55, 
122 (1939). 

*H. M. Taylor end N. F. Mott, Proc. Roy. Soc. 142, 
215 (1933). 


5H. Yukawa and S. Sakata, Proc. Phys. Math. Soc. 
Japan 17, 397 (1935): They show that the effective po- 
tential acting on the pair for a 0-0 transition is spheri- 
cally symmetrical; thus it is even under inversion through 
the pees ae Such a potential cannot give rise to the neces- 
d—even or even—odd transition. 


The lifetime for these transitions can be made to 
be very large by choosing the energy difference 
between the two nuclear states to be sufficiently 
small. It turns out that it is necessary to choose 
this energy difference to be less than 2 mc? in 
order to obtain sufficiently long lives; therefore 
it will not be necessary to consider the possibility 
of pair formation. 


Two-QuaNnTa EMISSION 


The theory of the simultaneous emission of 
two quanta has been carried out by Goeppert- 
Mayer.® She gives for the transition probability 


16 [== 
p’3y3 dy, 
(1) 


Va'no tv 


9 


where mo, n’, n refer to the initial, intermediate, 
and final states, respectively. It is assumed that 
n'’ is a state of higher energy than mp» so that 
direct transitions from mo to m’ cannot take 
place. Actually, there are several states n’, 
but it is necessary to consider only one of them 
in estimating the order of magnitude of w,. 
In order to have as large a transition probabil- 
ity as possible, the angular momentum in the 
intermediate state is assumed to be unity; and, 
for the sake of. definiteness, the parity of this 
state may be taken to be opposite to that of the 
initial state. Then the first transition (mo—n’) is 
an electric dipole transition, but the second 
(n’—n) must be magnetic dipole since it is 
even—even or odd—odd with Aj=1. The 
(n’, n) matrix element of the dipole moment, P, 
in (1) must therefore be replaced by the matrix 
element of the magnetic dipole moment. 


® M. Goeppert, Naturwiss. 17, 932 (1929). M. Goeppert- 
Mayer, Ann. ¢' Physik 9, 273 (1931). 
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TABLE I. Mean lives for two-quantum emission and two- 
electron ejection (K and L electrons) for different separations, 
E,—E, of the O, and Or states of the nucleus. The last column 


contains the results of Hebb and Uhlenbeck for a nuclear tran- 
sition involving 5 units of angular momentum. 
Eo-E TeL TA] =S 
VOLTS SEC. SEC. SEC. SEC. 
105 4X10? 2x 10° 2x10? 3x 108 
5X10 5X 107 3X 108 
2.5104 6X 108 101° 2x 10° 3X10" 
4x 10° 4x 10° 
5x 108 5x10" 7X10" 


Taylor’ has indicated that the most important 
contribution to the magnetic dipole radiation of 
a nucleus is due to proton (or neutron) spin 
transitions. Therefore, as a rough approximation, 
the magnetic moment of the proton (+ 3eh/2Mc) 
may be substituted for the matrix element of the 
magnetic moment. Similarly, the matrix element 
P,,n is replaced by eR,, where e is the charge of 
the proton and R, is the “radiation radius” of 
the nucleus, i.e., that radius which gives the 
right order of magnitude for ordinary y-ray 
transition probabilities. Eq. (1) then becomes 


e*R,? x3(1—x)8dx 
f 


1 
(a—x)*(B+x)* 


with a= Vn'n/Vnen» B=a-— 1. 


The lifetime is large; that is, the transition 
probability is small, only if v,,, is sufficiently 
small. For Vagn less than Van'ny We is given by 


In order to obtain an estimate of R,, the tran- 
sition probability for ordinary (first-order) 
y-radiation may be set equal to 2e*v'R,2/3hc. 
For 1-Mev y-rays (v=3 X 10" sec.—"), this proba- 
bility is approximately 10% sec.—, or 


X = 3 K 10" 


and R,~2.5X10-" cm. Substituting this value 
in Eq. (2), the two-quantum emission probability 
becomes 


We ~ 6.8 X 10** (hymen) 


Approximate values of r,=w,~ based on this 
estimate are listed in Table I for hv»-,=1 Mev. 


'H. M. Taylor, Proc. Camb. Phil. Soc. 32, 291 (1936). 


Two-ELEcCTRON EJECTION 


According to the results of Hebb and Uhlen- 
beck, Dancoff and Morrison,’ one would expect 
that the effect of ejection of extranuclear elec- 
trons by direct interaction with the nucleus is of 
the same order of magnitude as the quantum 
effect since we are dealing with transitions for 
which Al=1. That this is ‘actually the case is 
shown by the following estimate. 

Consider first the simultaneous ejection of two 
K electrons, and assume that the system of 
nucleus plus electrons is contained in a ‘‘box” 
of volume V. The transition probability can 
then be calculated in a manner analogous to the 
two-quantum case, and, as is to be expected, it 
turns out to be independent of V. The result is* 


Hain 


de, 
(3) 


Qn 
WeK=— 
0 


p(e’) p(e) 


where Eo, E’, E are the energies in the initial, 
intermediate, and final nuclear states; ex is 
the ionization potential of the K shell; «, e’ are 
the kinetic energies of the ejected electrons, 
e+e’ =E,—E-—2ex; and p(e) is the density of 
electronic states of kinetic energy e, 


p(€) 


for free electrons in a box of volume V. 

The electronic transition corresponding to 
mo—n' may be assumed to be even—odd, Al=1. 
Then the potential acting on the electron is due 
to the nuclear dipole moment induced by the 
nuclear S—P transition. The matrix- element 
H,,» therefore has the form 


=ePo | 


eP 0 

r? 
where Pp is the effective dipole moment of the 
nucleus and W,,, Wn» are the electronic radial 
wave functions. Since y, is a P function, it has a 
node of order r/X’, \’ =h/(2me’)*, at the nucleus, 
and we may set 


* There is an additional term in w.x corresponding to the 
two transitions taking place in the opposite order. How- 
ever, this simply introduces a factor of order two in the. 


estimated transition probabilities. 
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where (r/d’)g=yn. For r>ax, where ax is the 
radius of the K shell, ¥,,~0, so the range of 
integration is approximately® r=0 to r=ax. In 
this range the functions may be taken to be con- 
stant since they are slowly varying functions of 
r; thus we obtain Hy, where 
2ax~!, V-* are the normalization factors for 
Wn» Wn’, Tespectively. 

The effective dipole moment of the nucleus is 
again given by Po=eR,, R-~2.5X10-" cm, 
since the nuclear transition here is identical 
with the transition that gives rise to the electric 
dipole radiation. The matrix element HAZ,» 


becomes 
= V—*(2me’) (4) 


The second electronic transition is necessarily 
odd—odd, which means that the electronic 
orbital angular momentum remains unchanged 
(since the parity remains unchanged) but the 
spin of the electron is turned over. The interac- 
tion in this case is therefore due to spin-spin 
coupling between the nucleus and the electron, 
and the calculation of the matrix element is 
similar to that used to obtain the hyperfine 
structure separation. The order of magnitude 
of the hyperfine structure separation in an S 
state is given by’ (87/3)u,uy?(0) where un, ue 
are the nuclear and electronic magnetic moments, 
and ¥(0) is the value of the electronic wave func- 
tion at the origin. Since we are interested in the 
nondiagonal matrix element rather than the di- 
agonal one, ¥*(0) must be replaced by ¥n(0)y,(0), 
and yu, by the effective nuclear magnetic mo- 
ment, which is again assumed to be due to a 
single proton. We now have 


(5) 
Making use of Eqs. (4) and (5), Eq. (3) becomes 
4R,*e4m?(eh/c)* 
(2) 
6 
x J 


9 ~ *In gene general the range of integration is given by the 
smaller of ax, \’. The electronic energies, e’, that enter here 
will be Ly greater than 10® volts, so \’=h(2m-105-1.59 
10-2)-4 4 cm. On the other hand, ax =h?/Zme?, 


WeK 


and for Z~50, ax cm. 


0 E, Fermi, Zeits. f. Physik 60, 320 (1930). G. Breit, 
Phys. Rev. 37, 51 (1931). 


or 
— 
Wex ~ 4X 10°(R,/ax)*(Eo— E— 2ex) {- = 


(a—x)? 


where a= (E’ —E—ex)(Ey)—E—2ex)—. The re- 
sult is independent of the volume as expected. 

The interesting case again occurs for E’—RF 
> E,—E, or a>1. wex then becomes 


Wex ~4X10°(R,/ax)*(Eo— E—2ex)* 


0 


The integration can be carried out by elementary 


methods and the result is 


Wex (4/4) X108(R,/ax)?(Eo— E—2ex)? 
X (E’ — E—ex)~. (7) 


The radius of the K shell is ax =h?/Zme?, and 
for Z~50, ax ~10-" cm, R,/ax ~2.5X10-, so 
the transition probability is 


Wex ~4.9 X 10?(Ey — E—2e€x)3(E’ —E—ex)~. 


When the available energy, Eo—E, is less than 
twice the ionization potential of the K shell, the 
ejection of two K electrons cannot take place. 
Electrons can, however, be ejected from the L, 
shell and the probability for this process is not 
much smaller than for the K ejection.* In order 
to estimate the probability when both electrons 
are ejected from the L; shell, it is only necessary 
to replace ax and ex in Eq. (7) by the radius and 
ionization potential of the JZ; shell. Taking 
Ro/ar=0.0625 X10-*, Eq. (7) now becomes 


Wer ~3.1X10(Ey— — 


Values of r-x=w-x and te, are given 
in Table I for E’—E=1 Mev, ex=10* volts, and 
¢,=10* volts. It is apparent that the ejection of 
K electrons is not important because of the 
high ionization potential of the K shell. The 
L; ejection is of the same order of magnitude as 
the quantum effect for E)>—E between 10° and 
10* volts, but for E)—E less than 10° volts, it 
cannot take place since the available energy is 
less than the ionization potential of the L shell. 

The results of Hebb and Uhlenbeck® for nu- 
clear transitions involving a change of angular 
momentum of 5 units are reproduced in the last 
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TABLE II. Energy distribution of ejected K electrons for a 
transition; k=8 X 104 volts. wax ts symmetrical 
with respect to e=4X 10* volts. 


weK (©) 
VOLTS (ARBITRARY UNITS) 
0 0 

0.5 X10 15.5 
1x 104 21.1 
2x 104 27.3 
3x 10¢ 31 
4x 104 32 


column of the table. These values of the lifetime 
depend very strongly on the special assumptions 
that have been made about the structure of the 
nucleus,? because they are determined by the 
multipole moments of high order which depend 
only on the detailed structure of the nucleus. 
The values given here are based on the model 
used by Bethe? in calculating the multipole 
moments of nuclei. The table indicates that the 
lifetime for the O,,— 0, transition is as large as the 
lifetime for the A/=5 transition only if the energy 
difference Ey—E for the former case is several 
times smaller than for the latter. 

The transition mp—n can also take place by 
means of combination processes such as the 
ejection of one quantum and one electron. 
The probabilities for these transitions may be 
estimated by taking the geometric mean of the 
probabilities for the ‘‘pure”’ transitions. However, 
this will not introduce anything new since these 
mixed probabilities will necessarily lie between 
the “pure’’ probabilities. 


EXPERIMENTAL PoOssIBILITIES 


In recent experiments," internal conversion 
electrons have been found that can be accounted 
for only by assuming that they are ejected in a 
transition from one isomeric form of the nucleus 
to another. The question immediately arises as 
to whether these experiments are in agreement 
with the Weizsicker hypothesis (I) the one 
suggested here (II), or both. 

The difference between the two hypotheses 
should show up in two respects. In the first 
place, it has been shown? that the internal con- 
version coefficient increases with an increase in 


the angular momentum change associated with 


"G,. E. Valley and R. L. McCreary, Phys. Rev. 56, 
863 (1939). A summary of the other experimental material 
is given by B. Pontecorvo, Nature 144, 212 (1939). 


the nuclear transition. Therefore one would 
expect a somewhat larger internal conversion 
coefficient for I than for II since II involves 
angular momentum transitions of one unit, at 
most, and J involves changes of three or four 
units. 

The other, and more important, difference is 
found in the energy distribution of the ejected 
electrons. According to J, a single electron is 
ejected with an energy equal to the available 
energy minus the ionization potential of the 
electron: therefore the distribution curve should 
show a sharp peak at this energy. On the other 
hand, in any double process such as two electron 
ejection, the energy is distributed between the 
two particles ; so, according to the mechanism II, 
the distribution curve should be broad. The’ 
shape of the curve is given by Eq. (6) if we write 


Eo-E-—2ex 
f Wex(e,e’)de. 


Then 


wer ed) ~ 


with e+e’ =E,—E—2ex. Neglecting « and ex 
as compared to E’—E(=1 Mev), wex(e, ¢’) 
~ &(k—e)!, R= E,)—E-—2ex. The quantity that 
is actually measured is 


Wex(€) =wex(e, é’) +wrex(e, €) 


since the two electrons cannot be distinguished 
from one another. This has been tabulated in 
Table II on an arbitrary scale for Eyx-E=10° 
volts, ex=10' volts (k=8 X10‘ volts). Since 
wex(e) is symmetrical about «=4X 10‘ volts, its 
values for ¢ greater than this have not been given. 
The distribution apparently is very flat: it has a 
half-value width of about 7 X10‘ volts. II should 
therefore be easily distinguishable from I. 

Those distribution curves that have been 
measured" show the discrete electron spectrum 
that is characteristic of J so that, at present, there 
appears to be no experimental support for the 
hypothesis II. However, the experiments have 
been carried out for very few nuclei, and, since 
the two hypotheses are not mutually exclusive, 
it is possible that nuclei satisfying the conditions 
specified by II may be found. 

The author wishes to thank Professor Teller 
for suggesting this mechanism for nuclear isomer- 
ism to him and for discussing it with him. 
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Tests for the Validity of the X-Ray Crystal Method for Determining N and e with 
Aluminum, Silver and Quartz | 


P. H. Miter, Jr.,* J. W. M. DuMonp 
California Institute of Technology, Pasadena, California 
(Received November 4, 1939) 


The principal objections to the x-ray crystal method of 
determining N and e are that the presence of a mosaic 
effect or superstructure will not affect the lattice parameters 
as determined by x-ray diffraction but will affect the 
density, and further that the x-rays measure the lattice 
constant of only a very superficial layer which might not be 
characteristic of the interior of the crystal. The crystal 
structure of two polycrystalline metals, silver and alumi- 
num, and one single crystal, powdered quartz, were pre- 
cisely measured with the Seeman-Bohlin spectrograph. 


The crystallites were small enough so that the radiation | 
_ penetrated them completely and the effect of distortion of 


the metal crystals on the density and crystal structure was 
investigated. The following values of N and e were found 


N e 
Sliver 6.0309-+-0.002410% molg e. s. u. 
Aluminum 6.0257+-0.0009 4.7998+-0.0007 
Quarts 6.0237+0.0006 4.8014+0.0005 
6.0278+0.0006 4.7982+0.0005 


where the two different values for quartz are for two differ. 
ent values of the molecular weight of silicon and the error 
is that due to internal consistency only. When the results 
of Tu are expressed in absolute units we find 
N e 

Calcite 6.0235+-0.0003 X10" mol g mol-! 4.8016+-0.0003 es, y. 
KCl 6.0215+0.0005 4.8032+0.0004 

Rocksalt 6.0247+0.0005 4.8006-+0.0004 

Diamond 6.0256--0.0003 4.7999+0.0003 

After examining these deviations from a consistent value 
of N and e and the effect of distortion on the metal crystals 
the authors believe that there is perhaps a small mosaic 
(or superstructure) effect that renders the value of N and e 
uncertain by 0.04 percent and that the best value of e¢ 
is perhaps slightly lower than that obtained with macro- 
scopic calcite, say 4.801 +0.002X10~ e. s. u. 


HE x-ray crystal method of determining 

Avogadro’s number, N, and its associated 
constant, e, the charge of the electron, is open 
to two fundamental objections. Avogadro’s 
number is given by N= M/pf, where M is the 
molecular weight of the crystal, p its density and 
f the volume associated with one molecule as 
determined from x-ray diffraction data. If 
either a more or less regular superstructure, 
random holes or imperfections in the crystal 
lattice exist their presence will not affect the 
lattice constants as measured by the x-rays for 
they measure only a periodic spacing, but the 
measured density, which is the average density, 
will not be the true density of the periodic sec- 
tions of the lattice. The existence of a super- 
structure (or mosaic structure) has been pro- 
posed by Zwicky' to account for certain me- 
chanical properties and habits of growth. He 
proposed that there are periodic variations in the 
grating space in the crystal along a direction 
normal to the planes. Their period would be of 
the order of 10-* cm and the superposition of 
such a long period on the interplanar spacing of 


* Now at the University of Pennsylvania. 
1F, Zwicky, Phys. Rev. 40, 63 (1932). 


10-* cm would not affect the relative positions 
of the x-ray diffraction maxima and would have 
negligible effects on the intensity. 

However, one would not expect the error 
introduced in the density by the presence of a 
superstructure or imperfections of the lattice to 
be the same for all crystals. Tu? measured the 
density and lattice parameters of calcite, rock- 
salt, potassium chloride and diamond crystals 
and found they gave a consistent value of N, 
the largest deviation being 3 parts in 10,000. 
If one uses the latest values of the molecular 
weights the agreement is not quite as good as 
this, as Table I shows. Bearden? claims that Tu 
has made some systematic error in his density 
measurements and also that he did not correct 
some observations for temperature even though 
he said he did. In view of these facts his results 
should be examined rather critically. Also, one 
would not expect, if there is a regular superstruc- 
ture, that the secondary component would have 
exactly the same coefficient of thermal expansion 
as the normal component. A. H. Jay* measured 

2 Y. C. Tu, Phys. Rev. 40, 662 (1932). 


3J. A. Bearden, Phys. Rev. 54, 698 (1938). 
*A.H. Jay, Zeits. f. Krist. 89, 282 (1934). 
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the thermal expansions of silver, quartz and 
bismuth by the x-ray powder method, precision 
methods being employed. The macroscopic 
thermal expansion was also measured by optical 
methods and the same values obtained indicating 
that the expansion of the atomic lattice does not 
differ from that of the crystal as a whole. Thus 
the presence of a large secondary component 
appears doubtful. However, it is one of the 
purposes of the present investigation to work 
with lattices known to be distorted and imper- 
fect and to find how much these distortions 
affect the values of the lattice constants of the 
petiodic part of the lattice and the average 
density of the crystal. 

The second objection to the x-ray method is 
that because of the extinction of x-rays in passing 
through the crystal the lattice constant of an 
extremely thin superficial layer (510- cm for 
calcite in the first order with MoKa) is measured, 
and this may not be representative of the interior 
of the crystal. Allison and Armstrong® measured 
the wave-length of MoKa, in various orders of 
reflection from calcite (see Table II) and con- 
cluded that the lattice constant is uniform 
throughout the crystal. DuMond and Bollman® 
measured the density and lattice parameters of 
extremely fine powdered calcite, where the size 
of the individual crystals was of the order of the 
depth of half-penetration of the x-rays. They 
found that within experimental error the lattice 


TABLE I. Consistency in the value of N as calculated by Tu 
and as revised to conform with latest values of 


molecular weights. 
Tu 1932 1939 
Ncai-N Ncai-N 
CRYSTAL M Ncal M Ncal 

Calcite 100.075 100.090* 

NaCl 58.454 —0.033% 58.456  —0.020% 
KCl 74.557 0.012 74.553t 0.033 

C (0.89k) 12.003 0.021 12.0115* —0.033 

C (1.78k) 12.003 0.015 12.0115* —0.038 


* Letter from R. T. Birge, September, 1939. 

t Na =22.998; Cl =35.458. 

Tabellen, Sth edition (J. Springer, 1935). K =39.094 Baxter 
McNevin, J. Am. Soc. 55, 3185 (1933); K =39.095 
and Sashtleben, Zeits. f. anorg. Chemie 213, 365 (1933). 


*S. K. Allison and A. H. Armstron , Phys. = 26, 701 
(1925). (Corrected for the index of re raction.) 

*J. W. M. DuMond and V. L. Bollman, Phys. Rev. 50, 
524 (1936). 


constants and density were identical with those 
of macroscopic calcite. 

These experiments indicate the absence of any 
large superstructure or imperfections. The pur- 
pose of the present investigation is twofold. 
First, to make a precision determination of the 
density and lattice parameters of powdered 
quartz (a “‘perfect”’ crystal) by methods different 
from those employed by Tu® and Bearden.’ 
Both measured their densities by immersion and 


TABLE II. Allison and Armstrong's measurements of the 
wave-length of MoKa, in various orders of 
reflection from calcite. 


Am 
OrpER MHALF-DEPTH OF PENETRATION M 
n cm No. of planes 
1 1.6 10 0.707831 
3 4x10-* 1.3 0.707902 0.01 % 
4 6x10-* - 0.707850 0.003 
5 1.21073 . 0.707840 0.001 


their lattice parameters with a two crystal 
spectrometer. In the present research the densi- 
ties were measured with a specific gravity bottle 
and the lattice parameters with a Seeman- 
Bohlin focusing spectrograph. Second, to make a 
precision determination of the density and lattice 
constants for two polycrystalline metals (silver 
and aluminum) and to see what effect distortion 
has on the density and lattice. Since the difference 
between a “‘perfect”’ crystal and a polycrystalline 
material is one of degree this will permit the 
estimation of the inherent accuracy of the x-ray 
crystal method of determining e. ! 

Powder samples of aluminum and silver were 
prepared by filing or sawing and these samples 
along with some solid pieces which were as large 
as would enter through the neck of the specific 
gravity bottle were annealed together in a 
vacuum furnace. The powder sample of quartz 
was prepared by breaking up optically clear 
California quartz in a steel mortar by pounding 
with a heavy sledge hammer. The coarser grains 
were rejected by the fine screen through which 
the sample was sifted. The lattice parameters and 
density of these samples were measured. If we 
think of a sample of material as made up of 
many small perfect crystals or crystallites, 


7J. A. Bearden, Phys. Rev. 38, 2089 (1931). 
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randomly situated relative to each other, then 
the resolving power of these units for x-rays 
will depend on their size, that is on the average 
number of perfectly periodically spaced planes 
that they contain. Thus from the width of the 
diffraction pattern (Debye-Scherrer rings) it is 
possible to measure the average length of the 
periodic sections of the lattice, i.e., the size of 
the crystallites. In the case of the metals the 
powder and large pieces were then distorted by 
mechanical working and the new density, 
grating constant and size of crystallite were de- 
termined. Actually the shape and dimensions of 
the unit cell were found to be unaffected by 
working, but the length of the regions of regular 
periodicity was found to decrease. The density 
was found to change slightly upon working, an 
increase for silver and a decrease for aluminum. 
On the basis of these measurements it is possible 
to estimate the effect of distortion on the value 
of N and e. 


THE DENsITY MEASUREMENTS 


The weights used in the density determination 
were carefully calibrated and could be depended 
on to 0.1 mg. Double weighing was employed 
throughout and corrections were made for the 
buoyancy of the air. The specific gravity bottle 
was of conventional design and contained a 
thermometer. The bottle was weighed when 
empty, and then was filled with distilled water, 
which had been redistilled in an all Pyrex still 
and freshly boiled just before using, and weighed 
again. Fifteen measurements on the volume of 
the bottle at different temperatures were taken 
and the least-squares error in the calibration 
was 0.0003 percent. The temperature was 
adjusted by placing the bottle in a water bath 
and adjusting its temperature until the top of 
the distilled water was at the fiducial mark in the 
capillary of the specific gravity bottle and the 
temperature in the bottle the same as that of 
the water bath. The temperature was made 
uniform to 0.05°C. A weighed amount of sample 
was placed in the bottle, filled with water and 
weighed again. Then the volume of the sample 
could be calculated. 

The aluminum* was annealed for 4 hours at a 


* Obtained through the courtesy of William L. Fink of 
the Aluminum Company of America. 


temperature of 350°C in a vacuum furnace and 
allowed to cool in the furnace and the following 
value, representing nine observations on samples 
weighing from 8 to 10 g, of 2.69839+0.00005 g 
cm~ at 25.0°C obtained. The density was very 
reproducible for different samples. Some an- 
nealed aluminum was placed in an arbor press 
and compressed without sudden impact so the 
dimensions were changed by a factor of two. 
This should not change the lattice as much as 
hammering or severe working, but if there are 
any holes in the sample they should be closed 
and the density increased. The results of three 
measurements on a 14-g sample gave p= 2.69828 
+0.00004 g cm= at 25.0°C. One may conclude 
from the fact that the density actually decreased 
a slight amount that there was no effect due to 
holes in the annealed sample. The sample was 
severely worked by hammering and the density 
redetermined with three measurements on a 12- 
gram sample and found to be 2.69801+0.00006 
g at 25.0°C. 

The silver was annealed in the same furnace for 
24 hours at 600°C and allowed to cool in the 
furnace. The result of five determinations on a 
40-g sample was p= 10.4868 g cm™ at 25.0°C. 
This sample was worked and then reannealed and 
the result of three determinations was p= 10.4873 
g at 25.0°C. The average was p= 10.4870 
+0.0002 g cm- at 25.0°C. The silver was then 
compressed without sudden impact in an arbor 
press and the density, representing six deter- 
minations on 29- and 40-g samples, found to be 
p=10.4878+0.003 g cm= at 25.0°C. One con- 
cludes from the fact that the density is repro- 
ducible upon annealing and that it increases only 
slightly when compressed that there are no large 
random holes in the sample. The silver was then 
severely worked by hammering and four de- 
terminations on a 40-g sample gave p= 10.4911 
+0.0006 g cm= at 25.0°C. 

When the quartz powder was being prepared 
some pieces as large as would conveniently enter 
the neck of the specific gravity bottle were 
saved and four determinations on a 12-g sample 
gave as the density p= 2.64822+0.00005 g cm™ 
at 25.0°C. In measuring the density of finely 
powdered quartz, the powder had a tendency to 
contain small air bubbles after the water was 
added, but these were almost completely re- 


Se 


i 
| 
| 
| 
4 
i 
| 


VALIDITY OF X-RAY CRYSTAL METHODS 201 
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Fic. 1. The Seeman-Bohlin focusing spectrograph. 


moved by boiling the water under vacuum (at 
room temperature). Some of the sample was 
almost colloidal in size and as it formed a sus- 
pension in the water a small amount of quartz 
(less than 0.2 mg) must be lost when the ther- 
mometer is inserted and displaces a_ small 
amount of water. The result of seven determina- 
tions on samples weighing from 10 to 16 grams is 
p=2.64810+0.00015 g cm™-*. The density of 
powdered quartz seems to be identical with that 
of the macroscopic sample. 


MEASUREMENT OF THE LATTICE CONSTANT 


A Seeman-Bohlin focusing type of powder 
spectrograph was used because it gives strong 
lines with a relatively short exposure and if the 
wave-length of the x-rays is chosen so that the 
Bragg angle for some plane or planes is nearly 
90° it is capable of very great accuracy for sin @ 
varies slowly with @ in this region. Fig. 1 shows a 
diagram of the camera. The powder sample is 
placed along the arc CGE diametrically opposite 
the slit S through which the divergent and 
monochromatic x-rays enter. At every point 
there will be some crystals oriented in such a 
way as to obey the Bragg equation \=2d sin @ 
and diffract the x-rays to F. The photographic 
film is placed along the arc ASB. That the camera 
is focusing is apparent when we consider that 


the arc SF subtends the same angle for every 
point along the arc CGE. There will be crystals 
oriented in such a way as to diffract the x-rays 
of wave-length \ to the point F’ such that the 
arcs F’S and FS are equal. The spectrograph 
gives a photograph which is symmetric with 
respect to the slit and by measuring F’SF we can 
find 2s without knowing the position of the slit. 
If D is the camera diameter then 


d=}/2 sin cos ¢/2=X/2 cos S/2D 


and 
Ad/d=(S?/4D*)(AS/S). 


Then, as the largest value of S?/4D? used was 0.1 
we see that a one-percent change in S means a 
0.1 percent change in d. 

M. U. Cohen® has discussed the errors intro- 
duced by vertical divergence of the beam, slit 
width, thickness of the powder sample, shrinkage 
of the film and errors in the measurement of the 
camera radius and has shown that for cubic 
crystals Ad/d=K¢ tan ¢/2 and suggests plotting 
d against ¢ tan 3¢ which when extrapolated to 
¢=0 would give the correct value of the lattice 
constant. Two and three parameter crystals can 
be treated similarly. In the present investigation 
each of the errors was corrected for separately, 
and the consistency of the values of d obtained 
was used as a criterion for the validity of the 
corrections. The shrinkage of the photographic 
film was corrected by making two fine marks on 
the photographic film just before developing and 
then measuring the distance between the marks 
after developing and assuming the shrinkage to 
be uniform. The following correction was added 
to the measured value of s. 


where f is the thickness of the photographic film 
(double emulsion), 2h is the vertical height of the 
illuminated sample and # is the thickness of the 
powder sample. Because of the thermal expan- 
sion of the lattice a change of one degree centi- 
grade introduces an error of about 0.002 percent 
in d. The temperature of the camera was held 
constant within half a degree during the ex- 


5M. U. Cohen, Rev. Sci. Inst. 6, 68 (1935). 
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posure. The camera dimensions were not affected 
by temperature by an appreciable amount. 
If the crystallites were less than 1000A on a side 
the diffraction patterns of the components of the 
Ka doublets would begin to overlap because of 
the finite resolving power of the crystal grating 
and the apparent maxima would be shifted in 
position. Corrections were made for this when 
necessary. 

X-ray diffraction pictures were taken with 
carefully annealed samples of the metals and the 
lines were made up of distinct spots from which 
it was estimated that the size of the crystallites 
was about 2000A. When the sample was dis- 
torted by mechanical working the spots disap- 
peared and the lines became continuous and 
broadened. With CuKa radiation upon alumi- 
num and silver samples which are face-centered 
cubic crystals diffraction occurs with @ almost 
90° from the (511) and (333) planes. If the lattice 
is strictly cubic the interplanar distance for (511) 
and (333) planes (and all permutations of the 
indices) is the same. If there is any change of 
shape of the unit cell the interplanar distances 
for the (333), (333), (333) and (333) sets of 
indices might all be different and these four 
planes would give rise to four separate diffraction 
patterns. If the distortion is small the patterns 
will overlap and give the appearance of a single 
but broader line. In the same way, with distor- 
tion of the unit cell, the permutations of the (511) 
indices will give rise to as many as twelve non- 
equivalent interplanar distances. If a cubic 
crystal has undergone a small distortion where 
a,=a+Aady,, a3;=a+Aa;, a,=7/2—«, 
ag=m/2—e2 and a3=7/2—€3 are the 
axial lengths and a;a2q3 the interaxial angles in a 
general lattice) then it can be shown that 


TABLE III. 
SIEGBAHN UNITS ABSOLUTE ANGSTROMS 
CuKa,* 1.541232 1.544361 
CuKa; 1.537395 1.540516 
CrKazt 2.28891 2.29356 
CrKay 2.28503 2.28967 
MoKa:t 0.707831 0.709268 


* TI, Wennerléf, Ark. Mat. Astro. o. Sent os). 22, No. 8 (1930). 


+ S. Eriksson, Zeits. f. Physik 48, 
¢ A. Larsson, Phil. Mag. (7) 3, 1136 (1927). 


AND J. W. M. DUMOND 
TABLE IV. 

CuKa (511) (333)| Powder 530A 0.001 
CrKa (222) Powder 740 —0.014 
CuKe (511) (333)} Foil 1200 —0.007 
CuKa (511) _ Foil - 490 0.002 
CrKa (222) Foil 740 —0.007 

hs? 


We see that for the (511) and the (333) planes 
the first term is the same. For any change in the 
axial lengths the second term always has the 
same sign for both positive and negative values 
of the h’s. However, the third term is sometimes 
positive and sometimes negative and its average 
value is zero. Thus when we find that our diffrac- 
tion patterns are broadened when the samples 
are distorted by working it may be caused by 
either the finite resolving power of the shorter 
crystal grating or by the fact that we have formed 
several planes with nearly the same interplanar 
distance. However, if the position of the central 
maximym is unchanged upon working we can say 
definitely that there is no change in the axial 
lengths for h;?Aa;+h,?Aa2+h3Aas cannot vanish 
for (333), (511), (151) and (115) simultaneously 
except Aa,;=Ada:=Aa;=0. This assumes all the 
crystallites are distorted in the same way. 
Furthermore, since a face-centered lattice is a 
close-packed configuration it is difficult to see 
how the interaxial angles could be changed 
without altering the lengths of the sides. In the 
calculation of N it is only the volume of the 
unit cell we use. Since the volume of the unit 
cell is a,—cos? a2:—cos’ a; 
+2 cos a; COS a2 COs a; |! then when the unit cell 
is distorted as above the volume becomes, con- 
sidering only first-order terms V=a'+a?(Aa, 
+Aa2+Aa;). This second term on the right is 
proportional to the average values of /;*Aq 
+h2?Aa2+h;*Aa; when we consider all permuta- 
tions of the Miller indices. Therefore, if the 
latter term is zero (average value of the inter- 
planar distance unchanged), then the distortion 
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TABLE V. 
NUMBER 
RADIATION AND OF 
PLANE Puotos | Type a 


Powder 4.08595 X 10-8 cm 
Powder 4.08616 
Foil 4.08599 
Foil 4.08569 


Av. 4.08595 +0.00004 


Ka (222) 
(511) (333) 
(222) 
CuKa (511) (333) 


-we have pictured changes the volume of the 


unit cell by second-order terms only. As the 
largest first-order change in some interplanar 
distance required to explain the observed width 
of line is 0.2 percent, any second-order effects 
are negligible. 

The wave-lengths used in the calculations are 
given in Table III. The absolute wave-lengthf is 
taken as 1.00203+0.00006 times the conven- 
tional Siegbahn value. 

The result of powder photographs of annealed 
aluminum for CuKa reflected from the (511) 
(333) planes (three photographs) and CrKa from 
the (222) planes 90 ‘corrected for the index.of 
refraction* is a@&4.9093240.00002 X 10-* cm 
25.0°C. The probable error is based on the inner 
consistency only and assumes the wave-length 
to be known exactly. The estimated lemgth of 
lattice was 2000A. Both powder and foil &imples 
were severely worked by hammering and the 
results given in Table IV were obtained. 

One may conclude that when aluminum is 
worked by hammering smaller diffracting units 
having the same unit cell as the diffracting units 
in the carefully annealed sample are formed. 


served width and in every case but one the 
maximum was shifted by less than a 0.007 per- 
cent change in the average interplanar distance 
one concludes that the distortion occurs mainly 
in the layers separating the diffracting units. 
Powder photographs were taken of aluminum 
evaporated on mica with the film being of the 
order of a wave-length of light thick. The lines 
were extremely weak and difficult to measure 
but the result of three photographs was a = 4.0492 
+0.0012 X10-* cm. It is interesting to note that 
in order to take a successful photograph it was 
necessary to take the x-ray picture immediately 
after the evaporation was completed, otherwise 
no lines were obtained. When a second exposure 
was tried one day later with the same sample 
used in a successful photograph the diffraction 
lines were no longer present. The aluminum 
crystallites had presumedly taken up some pre- 
ferred orientation on the clean freshly-cleaved 
mica surface. 

The results of the powder photograph of an- 
nealed silver corrected for the index of refraction 
and at 25.0°C are given in Table V. The esti- 
mated lattice for both the foil and powder is 
2000A. The samples were severely worked and 
the lattice constant redetermined with the fol- 
lowing results: 


RADIATION AND | LATTICE % CHANGE 
PLANES Type LENGTH INA 
CuKa (511) (333)| Powder 280A —0.004 
Foil 230 —0.011 
Foil 185 —0.006 


In all cases the microphotometer traces were and the evidence is that the unit cell is not dis- 


symmetrical and they did not have a flat top 
which one would expect if the width were due to 
several planes with nearly the same interplanar 
distances. Since a difference of 0.2 percent in some 


torted by working. 
The effective length of perfect lattice was 


determined by means of the following formula: 


interplanar distances which were identical before 0.900) cos | i- *) (= +=) 
9 4 


distortion would be required to explain the ob- 


t Footnote (*) to Table I. 

* The Siegbahn index of refraction correction for the well- 
known case of Bragg reflection consists of two parts, that 
due to the change of wave-length in the crystal and that 
caused by the réfraction (bending) of the x-rays at the 
surface of the crystal. Actually only the former was cor- 
rected for. Since in a powder sample the planes through 
which the radiation enters are randomly orientated with 
respect to the Bragg planes a complete calculation of its 
effect is difficult. However, it is believed that this second 


correction for @>75° is less than one part in 100,000. 


where B is the half-breadth of the diffraction 
pattern (defined as the area under the micro- 
photometer trace of the diffraction line divided 
by the maximum height) expressed in radians, A 
is the length of the lattice, @ the Bragg angle, 28 
(radians) the width of the camera slit subtended 
at the sample and 6=(h?/2D*) tan 28 is the ver- 


a 


Fic. 2. Microphotometer trace of Ag sample for CuKa from 
the (511) (333) planes. A= 280A. 


tical divergence of the beam. The term in the 
brackets corrects for the effect of the broadening 
of the diffraction pattern by the vertical di- 
vergence of the beam and the finite slit width. 
It is a good approximation (within 5 percent) if 
{(wA cos (8+6/2)<1.5. The formula for B 
is based on the following assumptions. (1) The 
crystals are all cubes with 2N+1 particles on a 
side. (2) The crystals are oriented at random. 
(3) The crystals are undistorted and act inde- 
pendently. (4) The radiation is monochromatic. 
(5) Absorption and extinction in a crystallite are 
negligible. Various investigators have given 
formulas for various shaped crystals and found 
that the line breadth is not particularly sensitive 


to shape. If each of our cubes does not have . 


2N+1 particles on a side but obeys a distribu- 
tion function f(”) then our formula gives 


f “NY(N)AN 
A=2e— 


f 


Actually the shape of the diffraction pattern 
depends only on the depth of the lattice per- 
pendicular to the Bragg plane and the dimensions 
parallel to the Bragg plane affect only the total 
intensity. A typical microphotometer trace is 
shown in Fig. 2. The overlapping doublets were 
decomposed by the method given by DuMond.® 

Six photographs using two different samples of 
quartz were taken with CuKa radiation. The 
lines were indexed from similar photographs 
taken by Bradley and Jay. Six planes and 
9 J. W. M. DuMond, Rev. Mod. Phys. 5, 1 (1933). 


1” A. J. Bradley and A. H. Jay, Proc. Phys. Soc. 45, 507 
(1933). 
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ten different lines were used. When lines from 
two different planes overlapped no attempt to 
resolve them was made and they were omitted 
from the calculation (Table VI). When we 
solve for a and c (quartz has a hexagonal unit 
cell) by least squares, correct for the index of 
refraction, change to absolute units and correct 
to 25.0°C we find 


Lattice Constants of Quartz at 25.0°C 
a=4.91267+0.00009 X 10-8 cm 
c=5.40459+0.00011. 


MOLECULAR WEIGHTS OF THE SAMPLES 


The molecular weight of pure aluminum was 
taken as 26.9844. This is Aston’s" mass spectro- 
scopic value corrected to Ci2= 12.00388 (physical 
scale) and changed to the chemical scale. The 
aluminum was analyzed for impurities and with 
the assumption that the foreign atoms fit 
into the aluminum lattice without distort- 
ing it, the effective molecular weight found to 
be 26.989+0.001. In the case of silver the 
molecular weight is taken as 107.880 and when 
this is corrected for the impurities in the sample 
the effective molecular weight found to be 
107.858. 

Unfortunately there is no universal agreement 
about the molecular weight of silicon. The value 
accept@éd by the International Committee on 
Atomic Weights is based on the determination 
of Baxter, Weatherill and Scripture” who com- 
pared SiCl, and SiBr, with Ag and found the 
molecular weight of silicon to be 28.063+0.003. 
However, more recently Hénigschmid and Stein- 
heil® by comparing SiCl, with Ag found the 

TABLE VI. Jnterplanar distances for quariz at 26.0°C. 


PLANE AND WAVE-LENGTH 6 INTERPLANAR DISTANCE 
(216) CuKa, — 79.287° 0.78429A (Siegbahn) 
(216) CuKay 78.563 0.78427 
(234) CuKae _ 77.509 0.78961 
(234) CuKa; 76.765 0.78967 
(421) CuKaz 76.159 0.79366 
(315) CuKa,; 75.113 0.79539 
(420) CuKa, 73.843 0.80230 
(420) CuKa, 73.330 0.80242 
(331) CuKas 72.510 0.80797 
(502) 71.636 0.80994 


uF, W. Aston, Proc. Roy. Soc. A163, 391 (1937). 
12 Baxter, Weatherill and Scripture, Proc. Am. 
58, 245 (1923). 
130. Hénigschmid and W. Steinheil, Zeits. f. anorg. 
Chemie 141, 101 (1924). 
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molecular weight to be 28.105+0.003 and 
Weatherill and Brundage“ using the same 
method found 28.103+0.003 as the molecular 
weight. Because of the large differences between 
these observers it is unsatisfactory to average 
their values so we shall carry through the calcu- 
lation of N and e for quartz using two different 
values for its molecular weight, 60.063+0.003 
and 60.104+0.003. The mass-spectroscopic de- 
termination of the molecular weight of silicon 
gives 28.125 (chemical scale) but this must be 
regarded as quite inaccurate for the calculation 
is based on some preliminary values of the rela- 
tive abundances of the isotopes as measured by 
McKellar® using the band spectrum of SiN. 


DertH oF HALF-PENETRATION 


For CuKa radiation reflected from the (333) 
and (511) planes the depth of half-penetration is 
for 

Al 1.4X10*cm or 1.8X10‘ planes 
Ag 5.8X10*%cm or 7.3X10*. 


For CrKa radiation reflected from the (222) 
plane the depth of half-penetration is for 


Al 6.1X10cm or 5.2X10* planes 
Ag 1.6X10-cm or 


and as the largest diffracting units were about 
2000A the radiation penetrated the sample 
completely. 

For quartz with CuKa radiation the depth of 
half-penetration varies from plane to plane but 
is on the average about 1.310 cm or 1.6104 
planes. The largest particles that could get 
through the screen were 5X10-* cm, but when 
a sample of the powder was viewed under a 
microscope the average size appeared to be about 
5X10 cm. As the radiation could penetrate 
from either side this is equivalent to an effective 
thickness of 2.5 10- cm so the x-ray informa- 
tion is fairly representative of all the sample used. 


CALCULATION OF N AND ¢é 


The value of Q* used is 2.89224+0.00031 x 10" 
e.s. u. g mol. The first probable error represents 


“P. F. Weatherill and P. S. Brundage, J. Am. Chem. 
Soc. 54, 3932 (1932). . 

% A. McKellar, Phys. Rev. 45, 761 (1934). 

*See footnote (*) to Table I. 


the errors in the molecular weight, the internal 
consistency of the lattice constant measurements 
and the density measurements. The second 
probable error takes into consideration also the 
uncertainty in the ruled grating measurements, 
and the uncertainty in Q. All the values of N 
and e should agree within the first probable error. 
For silver and aluminum the value of the density 
of the annealed sample is used but the probable 
error is increased to include the values for the 
worked samples. 


For Al 
p= 2.69839+0.00038 g cm= at 25.0°C 
M= 26.989+0.001 g g 
a= 4,04932+0.00002 x 10-* cm at 25.0°C 
N= 6.0257+0.0009+0.0014 x mol g mol 
e= 4.7998+0.0007 +0.0012X 10- e. s. u. 


For Ag 
p= 10.4870+0.0041 g cm~ at 25.0°C 
M=107.858+0.002 g g mol 
a= 4.0859+0.0004 x 10-* cm at 25.0°C 
N= 6,.0309+0.0024+0.0026 x 10* mol g mol 
e= 4.7957+0.0019+0.0021 e. s. u. 


For Quartz 
p= 2.64810+0.00015 at 25.0°C 
a= 4,91267+0.00009 x 10-* cm at 25.0°C 
c= 5.40459+0.00011 10-* cm at 25.0°C 
M= 60.063+0.003 g g 
N= 6.0237+0.0006+0.0011 mol g mol 
e= 4,8014+0.0005+0.0010 e. s. u. 
or if 
M= 60.104+0.003 g g mol 
N= 6.0278+0.0006+0.0011 mol g 
e= 4.7982 +0.0005 +0.0010 x 10 e. s. u. 


Tu? did not make a direct determination of 
N and e but was only interested in their con- 
sistency in terms of arbitrary units. Using 
0.709268 X 10-*cm as the wave-length of MoKa,* 
and the latest values of the molecular weights we 
shall calculate, from his data on values of the 
Bragg angle and his densities, the values of 
N and e. 


For Calcite 
p= 2.71003+0.00005 g cm~ at 18°C 
d= 3,.03557+0.00001 at 18°C (cleavage) 
#(8)= 1.09602+0.00001 at 18°C 
M=100.090+0.005 g g 
N= 6.0235+0.0003 +0.0011 X mol g mol 
e= 4.8016+0.0003+0.0010X e. s. u. 


* See footnote (t) to Table III. 
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For KCl 
p= 1,98930+0.00014 g at 18°C 
d= 3.14541+0.00004 x 10-* cm at 18°C 
M= 74.553+0.0003 g g mol 
N= 6,0215+0.0005 +0.0011 X 10* mol g 
e= 4.8032+0.0004+0.0010X10-' e. s. u. 


For Rocksalt 
d= 2.81962+0.00003 x 10-* cm at 18°C 
p= 2.16418+0.00014 g cm= at 18°C 
M= 58.456+0.002 g g mol 
N= 6.0247+0.00050+0.0011 108 mol g mol-! 
e= 4.8006+0.0004+0.0010X10- e. s. u. 


For C (0.89k) 
p= 3.5141+0.0001 g at 18°C 
d= 3.56692+0.00002 x 10-* cm at 18°C 
M= 12.0115+0.0005 g g mol™ 
N= 6.0255+0.0003 +0.0011 10% mol g mol 
e= 4.8000+0.0003+0.0010X10~ e. s. u. 


For C (1.78k) 
p= 3.5142+0.0001 g cm™ at 18°C 
d= 3.56683+0.00002 x 10-* cm at 18°C 
N= 6.0258+0.0003 +0.0011 10% mol g 
e= 4.7998+0.0003+0.0010X10- e. s. u. 


Birge* after investigating the values for the 
density and lattice constants for calcite as give 
by different observers gives 


N=6.0227+0.0014 X 10% mol g mol 
e=4.8022+0.0010X10-" e. s. u. 


It is not surprising that the polycrystalline 
samples fall out of range of the single crystal 
values, for we do not really know how the small 
crystallites pack together to affect the average 
density. The fact that density of aluminum 
decreases on working and that of silver increases 
is interesting. One explanation is that there are 
small empty holes between the crystallites whose 
effect on the density is practically reproducible 
for different samples and that upon mechanical 
working some of the crystalline material is 
converted into an amorphous phase so that 
either of two things may happen (depending on 
the material). (1) Case of silver. Amorphous 
detritus (for both silver and aluminum probably 
less dense than the crystalline form because these 
metals expand on melting) partially or totally 
fills the holes with an accompanying decrease in 
macroscopic volume thus increasing the ob- 
served density of the sample. (2) Case of alumi- 
num. The conversion of the crystalline form 
into the amorphous form not only fills any holes 


* Footnote (*) to Table I. 


if such exist but also occurs for a sufficient 
fraction of the total material actually to decrease 
the observed density in spite of the partially 
compensating effect of filling the holes. It is 
also quite possible that the tenacity of the bonds 
between the little crystals of aluminum is rather 
poor and that cold working opens up internal 
holes like crushing a block of cement. However, 
the fact that the density and iattice constants 
change so little upon distortion and the values 
of N and e turn out to be in the range of those of 
single crystals is reassuring; there can be no 
large effect due to the inhomogeneity of the 
crystals (mosaic effect). But the different single 
crystals give values of N and e which differ by 
more than the experimental error, the e values 
being all somewhat lower than those obtained 
with macroscopic calcite. It is easy to be mis- 
lead by least squares errors but the present 
authors believe that there is perhaps a small 
mosaic effect that renders the value of e by the 
x-ray crystal method with large crystals invalid 
by 0.04 percent and that thé best value of e 
may be slightly lower than we thought, say 
4.801+0.00210- e. s. u. This value is the 
author’s personal estimate. Actually the average 
value of e using our results and those of Tu? 
(weighing the metals as one-half and using the 
mean of the two values obtained for quartz) is 
4.8005 +0.0004 x 10-" e. s. u. However, as the 
individual values differ by many times the 
experimental error the least squares probable 
error means nothing for the spread in values is 
not due to statistical fluctuation but to something 
fundamental in the method. 
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The structure of many lines of ionized mercury is in- 
vestigated by means of apparatus of high resolving power. 
Most of them have been found to possess complex struc- 
ture. The components of the lines 2815, 3984 and 2848A 
are measured and the structure analyzed in terms of 
isotope shift and hyperfine structure. It is shown that in 
the case of a forbidden line of quadrupole character like 
the line 2815A the intensities of the hyperfine components 


must be computed from the formulas given by Rubinowicz 
(replacing J, L and S by F, J and J). The hyperfine struc- 
ture splittings of the levels 65*S,/2, 5d%6s* and 3/2 
found experimentally are in agreement with Goudsmit's 
formulas and allow in the case of the 6s*S,/2 level a very 
accurate evaluation of the nuclear g factors for the isotope 
199. The isotopic shifts in Hg II levels are discussed. 


N connection with investigations of the nuclear 

isotopic shift in the band spectra of ionized 
mercury hydride and deuteride, the results of 
which will be reported in the near future, it 
became necessary to study the structure of the 
forbidden line 2815A of HglII. It could be 
inferred from the figure given by Schiiler and 
Jones! that there should be a very large isotope 
shift of about 0.5 cm between the lines of the 
even mercury isotopes, but in the light of the 
results of my work on the HgH* band spectrum 
this seemed improbable. In order to go farther 
and to get the energy level shifts it was necessary 
to study the structure of other lines of Hg II, 
because there have previously been made only 
a few incidental and insufficiently exact investi- 
gations of some lines by other workers. The 
structures of the following lines had been 
measured: 6150," 2? 47973 and 3984A;+ 2 4 the 
lines 7945! and 2848A* ? were reported to be 
single. In view of such meager data it seemed 
worth while to examine the whole spark spectrum 
of mercury for hyperfine structure and isotope 
shifts, furnishing at the same time a basis for a 
future classification of many intense spark lines 
found long ago by Paschen® and Naude,® but 


asst) Schiiler and E. G. Jones, Zeits. f. Physik 76, 14 
?K. Murakawa, Scient. Papers of the Institute of Phys. 
and Chem. Research, Tokyo 18, 299 (1932). 
3S. Tolansky, Proc. Phys. Soc., London 43, 545 (1931). 
—— and L. Sibaya, Naturwiss. 52, 1041 
*F. Paschen, Berichte der Preussischen Akad. der Wis$. 
32, 536 (1928). 
*S. M. Naudé, Ann. d. Physik 3, 1 (1929). 


for which until now there has been found no 
place in the level scheme. 

The spectrum of ionized mercury was excited 
in a hollow cathode discharge tube. The cathode 
was of copper and was cooled with running 
water. Liquid-air cooling, for reasons of expense, 
was only used for a few of the photographs. 
The whole tube was very similar in design to one 
previously used by Ritschl’ and has proved very 
efficient for producing intense spectra. It will be 
described in detail in a later paper. The structure 
of the lines was investigated by the use of two 
different Fabry-Perot etalons. The reflecting 
surfaces of one pair of plates were of Hochheim 
amalgam, and were very kindly made for the 
author some years ago by Dr. E. Hochheim, 
while those of the other pair were of silver. 
Different plate separations, varying from 1 to 
30 mm were used. The spectra were photo- 
graphed by the use of two spectrographs, one a 
Hilger Large Interchangeable Spectrograph of 
1.5-m focus, with a very fast quartz optical 
system, the other a medium Leiss glass spectro- 
graph. Ilford Monarch and Gevaert panchro- 
matic plates were generally used for the ultra- 
violet and the visible parts of the spectrum, 
respectively. 

The intensity of the lines of ionized mercury 
depends chiefly on two factors: the current 
density and the helium pressure. With increase 
of current the intensity of all lines is appreciably 
greater; the lowering of helium pressure has no 


7R. Ritschl, Zeits. f. Physik 79, 1 (1932). 
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influence on the intensity of the forbidden line 
2815A, produces a slight increase of the intensity 
of the lines originating from lower energy levels 
(for example 3984A), but enormously strengthens 
the lines originating from higher energy levels. 
This effect is no doubt connected with the longer 
mean free path of the electrons at the lower gas 
densities. Therefore in the case of the line 
2815A the photographs were taken using a 
helium pressure of 1-1.5 mm, and a current of 
about 250 ma. The exposures were of about one- 
half hour. These conditions were also quite 
satisfactory for studying many lines of lower 
excitation energy. All the other experiments were 
performed by starting the discharge at about 
1.5 mm helium and 250 ma, then pumping off 
most of the helium until the current fell to 
120-150 ma. Under such conditions many spark 
lines are very intense and the structure of some 
of them (4797, 5129, ---) can be easily seen by 
visual observations with a magnifying glass. 
Although the dispersion of the larger spectro- 
graph was nearly 2} times that of the spectro- 
graph used by Naudé® in his classification 
experiments and although exposures did not 
exceed one hour, it was possible to study about 
130 lines of ionized mercury in the range from 
2200-6000A in which range nearly 50 lines are 
unclassified. About 70 lines were found to show 
isotope shift or hyperfine structure, or both. 
Only three of them (see Fig. 3) were measured 
and analyzed by the author for the purpose of 
getting the isotope shifts in the states 5d%6s* *D5/2 
and 6s°Si;2. The results of these measurements 
are reported here; we hope to be able to measure 
all other lines in the near future. It will then 
be possible for the isotope shifts in a great 
number of energy levels to be determined. 
Anticipating the publication of these results it is 
perhaps worth while to mention that in the line 
4797A a new component was found which 
enables one to correlate the components found 
by Tolansky’ with the different mercury isotopes : 
0 (202), —420 (201), —645 (200), —1165 (199 
+198). We then see that in conformity with 
Tolansky’s? supposition, this line shows the 
unusually large isotope shift of nearly 0.65 cm 
between the two even mercury isotopes 200 and 
202. But 23 lines are found which show still 
greater shifts—in 17 of them about 0.75 cm~*— 
these being the largest isotope shifts found in 
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-hyperfine multiplets for the haw ys 199 and 201. 


199 201 
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Fic. 1. Structure of the line 2815A. The broken lines 


ae the calculated positions of the cehters of oe, of the 

he in- 
tensities of the components in both term schemes are given 
in percentage of the total yar of the line 2815A., All 
separations are given in 10-* cm 


atomic spectrum at the present time. The 
explanation of the cause of these shifts cannot 
be given now, because most of these lines are not 
yet classified and a large part of the classifications 
which have been given seem to be erroneous.*® 
The results of the measurements in the case 
of the forbidden line 2815A are presented in 
Fig. 1. The distances of the components were 
calculated from the measured values, taking into 
account the nonlinear variation of the dispersion 
in the interference pattern.® The heights of the 
components indicate rough estimate of the 
intensities. In order to interpret this relatively 
complicated structure, we must investigate the 
cause of the violations of the selection rules in 
the case of this line. There are only two possi- 
bilities: a quadrupole or a forced electric dipole 
radiation. The second possibility is ruled out at 
once by the fact that the strong electric fields 
producing the violations of the selection rules 


§ One of these, 42982 can even be found classified in the 
most reliable work on the spectrum of Hg II by :. Cc, 
McLennan, A. B. McLay and M. F. Crawford, Proc. Roy. 
Soc. 134, 41 (1932). 

*S. Mrozowski, Zeits. f. Physik 112, 223 (1939). 
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will cause a broadening of the line, thus making 
the hyperfine structure unobservable.’° The 
sharpness of the components in this case shows 
without doubt that the line is a quadrupole line. 
Therefore the components must have intensities 
proportional to the concentration of isotopes, as 
in normal electric dipole radiation." The distri- 
bution of intensities in Fig. 1 permits one to find 
at once the components belonging to the even 
isotopes.” The remaining components must 
belong to the two odd isotopes, including 
eventually components overlapping those of the 
even isotopes. 

In order to correlate the observed components 
with certain hyperfine multiplet transitions, the 
selection rules for the hyperfine quantum number 
F and the intensity rules for the transitions must 
be found. I am indebted to Mr. W. Opechowski 
for calling my attention to the fact that these 
rules in a case of a quadrupole line can be easily 
obtained (as ean be seen on very general argu- 
ment involving the group properties of coupled 
vectors) from the formulas given by Rubinowicz™ 
by merely replacing the quantum numbers L, S 
and J, by J, J and F, a procedure formerly 
applied in obtaining the h.f.s. intensity rules 
from the Hénl-Kronig formulas. The allowed 
transitions and their relative intensities thus 
computed are entered in the level diagrams of 


This was pointed out to the author by Professor 
W. Rubinowicz some years ago in a private conversation. 

"It has been shown by the author that there are for- 
bidden lines in which the intensity ratios of components 
are not proportional to the concentration of isotopes (see 
S. Mrozowski, Zeits. f. Physik 108, 204 (1938) and W. 
Opechowski, Zeits. f. Physik 109, 485 (1938), also R. 
Einaudi, Rend. Accad. dei Lincei 17, 552 (1933)). 

In spite of the figures given by Schiiler, reference 1, 
the separations of these components are only about 0.3 
cm™ instead of 0.5 cm™. It is difficult to find a reason for 
his erroneous results. It seems possible that he did not 
observe the 2815A line at all, and that his statement 
that in the line 2815A the component of the isotope 204 
lies on the violet side was merely inferred from the results 
on other lines. However the reproduction of the whole 
energy level diagram in his article (H. Kallmann and H. 
Schiller, Ergebn. d. exakt. Naturwiss. 11, 134 (1934)) 
seems to indicate that he observed this line. His remark, 
reference 1, that the sign of the isotope shift changes 
in going from TIII to TII spectrum is not significant, 

use the sign depends on the electron configuration 
chosen, by definition, as the state of zero shift. If in all the 
ra, Hg, Tl and Pb, the state of zero shift is popes 
fined, the levels of the heavier isotopes would in all 
cases lie higher, as one would expect from the theory of 
Rosenthal and Breit (Phys. Rev. 41, 459 (1932)). 

See for instance E. U. Condon and G. H. Shortley, 
Theory of Atomic Spectra (Camb. Univ. Press, 1935), p. 253, 
1935. [My attention has been called to a Yoo ee 
error in the ninth entry of this table, which should read 
+J(L+1) in place of —J(L+1).] 
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Fig. 1. The proper correlation was found using 
the Fisher-Goudsmit™ graphical method. All 
three components of the isotope 199 are observed 
with the correct intensities and their measured 
separations allow us to determine exactly the 
splittings of both electronic states."* For the 
isotope 201 the splittings are calculated from the 
data found for the isotope 199, using the very 
accurate value of the ratio of the magnetic 
moments of the two nuclei given by Schiiler and 
Schmidt.* The large difference in splittings in 
the lower level originates from the factor 
(2I+1)/I in the formula for the total width of 
a h.f.s. multiplet. The calculated pattern for 
the isotope 201 was arranged in Fig. 1 in such a 
way as to obtain overlapping of the three long 
wave-length components with the 9.6 percent 
component of the isotope 199 and at the same 
time to have a near coincidence of the 4.7 percent 
component with the measured line +132. The 
relatively great half-width of the lines does not 
permit resolution of the four components lying 
near — 800; thus one obtains the impression of a 
single line at —800 of greater intensity. Taking 
into consideration also the fact that the presence 
of the 2.2 percent component at +185 has 
apparently shifted the measured position of the 
4.7 percent component, we can say that there is 
a perfect agreement of the calculated positions 
and intensities of the components with the 
observed ones. This agreement shows the appli- 
cability of the selection rules and intensity 
formulas of Rubinowicz to h.f.s. multiplet and 
constitutes one of the few general proofs of these 
formulas, or conversely it can be regarded as a 
proof of the quadrupole nature of the line 2815A. 
At the same time it furnishes another method, 
in addition to the Zeeman effect, of distinguishing 
electric quadrupole from the magnetic dipole 
radiation. In the latter case the normal dipole 
selection rule for the quantum number J is 
operative, so that in the first case not only a 
different intensity distribution, but also a greater 
number of hyperfine structure components would 


(9st) A. Fisher and S. Goudsmit, Phys. Rev. 37, 1057 
4% | was not certain whether the F values in the *D;,. state 
were in the ny order, but Dr. L. I. Schiff has kindly 
assured me that the order of the h.f.s. levels in the cases of 
inverted D doublets should be not inverted; a result that 
can be easily seen by considering the interaction of a hole 
in the shell of 10 d electrons with the nucleus. 
(9s 5) Schiiler and Th. Schmidt, Zeits. f. Physik 98, 239 
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Fic. 2. Structure of the line 3984A. The copa are 
similar to those in Fig. 1. 


be observed. Therefore it would be very inter- 
esting to investigate and compare the hyperfine 
structures of quadrupole, of magnetic dipole 
and of mixed type forbidden lines. This seems to 
be possible for instance in the spectrum of lead.'” 

The results of the measurements for the line 
3984A are presented in Fig. 2. This line, thanks 
_to its great intensity, could also be studied by 
means of two Lummer-Gehrcke plates (6.89 and 
3.92 mm thickness). The structure found diverges 
in some points from the results of former 
investigations.” ‘ A careful search for the very 
weak component +1950 reported by Murakawa? 
led to a negative result, in his experiments it 
was probably due to a foreign line. It may 
possibly have been a line of mercury hydride 
which is often present in small amounts in the 
hollow-cathode discharge. The analysis of the 
structure in the case of the isotope 199 again 
presents no difficulties and gives the splitting of 
the *P32 state. From this the splitting for the 
isotope 201 was calculated and all transitions 
were arranged in Fig. 2 so as to have overlapping 
of the calculated 5 percent component with the 


17H, Niewodniczanski, Acta Phys. Polonica 2, 375 
(1934). 
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measured +380. It appears, then, that the 
component +310 is complex; this is supported 
by the fact that with greater resolving power 
the measured position shifted in the long wave- 
length direction. The fact that the intensity of 
the component +310 is greater than that of 
+380 seems to indicate that the 3.2 percent 
component does not lie at the calculated position 
+345, but is shifted in the direction of long 
wave-lengths. This effect is probably caused by 
the influence of the quadrupole moment of the 
nucleus. 

The splittings of the states 6p?P3. and 
5d%6s? 2D found differ widely from the values 
formerly given by Murakawa (1578 and 992)? 
It is clear that the latter values are in error, 
because in cases when there are no s electrons 
outside closed shells the splitting can only be 
very small. The values given in Figs. 1 and 2 are 
in excellent agreement with the requirements of 
the theoretical formulas.’* Furthermore the value 
for the 6s?Si;2 state gives the possibility of a 
very exact evaluation of the magnetic moments 
of both isotopes. From the splitting in the case 
of the isotope 199, using the Goudsmit formula 
and the latest values of the constants M/m and 
a kindly given me by Professor Birge,!® and 
using the value mers= 1.7034, we find gi99= 1.0944. 
This value is much more exact than those 
formerly calculated from data on the HgI 
spectrum, because it is only to this case of one 
electron outside closed shells that the formula 
of Goudsmit applies exactly and that the number 
Meee can be accurately calculated. For the 
magnetic moments of the nuclei we obtain: 


= 0.547 +0.002 
#201 = 0.607 0.003, 


the latter value being calculated from the first 
using the value of the ratio of the magnetic 
moments given by Schiiler and Schmidt.'* The 
limits of error are estimated by allowing an 
error in the splitting of +5X10-* cm™ and by 
taking into consideration a possible error in the 
Schiiler-Schmidt value. Naturally they do not 
include the uncertainty contained in the theo- 
retical formula, which may be considerable. 
The results concerning the isotope shifts are 


Ys Goudsmit, Phys. Rev. 43, 636 (1933); E. Fermi and 
E. Segré, Zeits. f. Physik 82, 729 (1933). 
WR. T. Birge, ‘‘A consistent set of Values of the General 


Physical Constants,” August, 1939 (mimeographed sheets). 


HYPERFINE 


represented in Fig. 3. There is practically on 
jsotope shift in the 6p*P 3/2 level (defining as the 
zero shift configuration the case of the closed 
shell 5d'° without outer electrons), as the struc- 
ture of lines of the type 6p?P3;2—6d?D 3/2, 5/2 and 
6d2D —nf ?F has shown, all these lines being single 
and very sharp. The big shifts in the two lower 
levels originate from the interaction of the 6s 
electrons with the nuclei; the shift for two 6s 
electrons is a little more than twice the shift for 
one 6s electron, probably because the interaction 
is strengthened by the presence of a hole in the 
5d shell. But the 7s electron gives only a quite 
small shift, as is shown by the small broadening 
of the line 2848A. In this case besides the slightly 
broadened main component only a diffuse and 
much weaker component near —70 was found, 
a result quite in agreement with expectations. 
Calculating the splittings of the level 7s?S1,/2 for 
the isotopes 199 and 201 with the aid of the 
formula of Goudsmit™” we find that the strongest 
component of the isotope 199 falls on the short 
wave-length side of the main component, thus 
giving an impression of broadening, and a group 
of components of the isotope 201 of a total 
intensity also about 8 percent lies a little farther 


5d"7p 


\ 5d“6p*Ps 


Fic. 3. Scheme of isotope shifts in energy levels of 
Hg II. The over-all width of each group (i.e., the shift of 
204 against 198) is given above it. 
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away on the opposite side, thus giving the 
impression of a single diffuse component near 
—70. Other weaker components lying farther 
away (at about 200) have not been observed. 
Probably they merge into the continuous black- 
ening of the plate spreading out from the main 
component in both directions. The isotope shift 
in the level 7p?P 3/2 given in Fig. 3 was obtained 
by using the results of Murakawa’s? measure- 
ments on the structure of the line 6150A. 

In the light of these results the origin of the 
very large isotope shifts previously mentioned in 


some of the lines of Hg II seems to be rather , 


mysterious. The big shifts belong to the upper 
levels, as can be seen from the intensity distribu- 
tion among the components in these lines. These 
levels, showing an over-all isotope shift of over 
2000, would have to correspond to states with at 
least two electrons in the 6s shell (i.e., only 8 
electrons in the 5d shell); but it is hard to 
understand how the lowering of the number of 
5d electrons and the resulting presence of one 
electron in a higher s state (as we have seen, 
these electrons give only small shifts) could 
have such a strong influence as to increase the 
shift from two to more than three times that 
caused by one 6s electron. The difficulty would 
disappear if these lines could be ascribed to a 
spectrum of Hg III, because in this case two 6s 
electrons would give shifts of such a magnitude. 
The second 6s electron gives an over-all shift of 
about 480 in Hg I and 800 in Hg II an increase 
of about 65 percent. In the case of Hg III an 
over-all shift of more than 2000 would be ex- 
pected for transitions of the type 5d*6s?—5d" or 
5d°n p, etc. But it would be surprising that in a 
hollow cathode discharge the more highly ionized 


‘spectra could be excited with such intensities. 


My best thanks are due to Professor C. 
Bialobrzeski for his kind interest in this work 
and to Mr. W. Opechowski for discussions 
clarifying some important points connected with 
the forbidden line studied. .« 

This paper was written, and some final calcu- 
lations made, during the early part of a year’s 
stay at the University of California. I am very 
much indebted to Professors E. O. Lawrence 
and F. A. Jenkins for extending to me the 
facilities of their laboratories, and to the latter 
for the kind help he has given me in the writing 
of this paper. 
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Further work with the theory of the positive column, 
previously reported by the authors, has made possible its 
extension to include convection in the power loss. The 
convection heat loss function employed in this extended 
theory was developed empirically subject to certain re- 
strictions imposed by dimensional analysis, and subject 
to the need for describing accurately existing experimental 
data on the arc itself. These restrictions have proved to be 
sufficiently rigid to limit greatly the choice in form for the 
heat loss function. Hence the authors feel some confidence 
in the view that the ultimate theoretical solution of the 
convection heat loss problem must yield a heat loss func- 
tion very nearly identical with the one developed here. 
The inclusion of convection makes it possible to satisfy the 
customary boundary conditions in the differential equa- 
tion governing the positive column, thus removing the 


necessity for employing any artifice such as the assumption 
of extreme power dissipation in the solution of the arc 
problem. The theory yields values of the power dissipation 
per unit length, over the range from one to ten amperes, 
and values of the arc temperature, which are in good agree- 
ment with existing experimental data. Values of the visual 
arc radius, for comparison with those obtained experi- 
mentally, are not available from the theory because of lack 
of detailed knowledge concerning the distribution of radia- 
tion in the arc. An average radius is computed, however, 


which should, and does, show the same general trends as _ | 


those exhibited by the visual arc radius as determined from 
experiment. The present theory provides a satisfactory 
solution of the arc problem so long as the power loss by 
radiation constitutes a negligible fraction of the whole. 


INTRODUCTION 


N a paper by the authors,! a theory of the 
positive column of the nitrogen arc at at- 
mospheric pressure was presented in which con- 
vection was not included in the differential 
equation for the positive column, and was 
considered only insofar as it affected the bound- 
ary conditions for the integration. This earlier 
theory is applicable, therefore, only to cases in 
which the convection term remains negligible 
sufficiently far out from the center of the arc to 
include all volume elements contributing ap- 
preciably to the power generation. The present 
paper concerns itself with an extension of this 
earlier work designed to include convection as 
one of the mechanisms by means of which power 
is lost from the arc. The results of this investiga- 
tion are applicable, therefore, to all cases except 
those in which radiation accounts for an ap- 
preciable fraction of the total power loss. Further- 
more, the inclusion of a specific convection term 
makes it possible to satisfy the outer boundary 
condition, i.e., that the temperature gradient 
must go to zero at ambient temperature. If this 
were not so, one would continue to have conduc- 
tion heat loss out to infinity. 
1E. S. Lamar, A. M. Stone and K. T. Compton, Phys. 


Rev. 55, 1235 (1939); A. M. Stone, E. S. Lamar and K. T. 
Compton, Phys. Rev. 55, 1145(A) (1939). 


A resumé of most of the experimental work 
on the nitrogen arc at high pressure was pre- 


. sented in the earlier paper,’ together with argu- 


ments supporting the use of the Saha equation for 
determining the electron concentration. Sub- 
sequently two experimental papers by Suits® * 
have appeared, and two theoretical papers by 
Elenbaas‘ and by Suits and Poritsky,® respec- 
tively. Discussion of these articles will be deferred 
to a later section. There is some experimental 
information not included in the earlier resumé, 
nor in the papers listed above, which is of im- 
portance here and which will now be presented. 

Although radiation and sound velocity meas- 
urements in the positive column of the arc fail 
to show a variation of arc temperature over the 
range of arc current from one to ten amperes, 
there is experimental evidence for expecting a 
variation with arc current within the accuracy of 
these measurements. As was mentioned in the 
earlier paper, it has been found® that the product 
of the visual cross-sectional area, the electric 
intensity, and the current density per unit 
potential gradient at the measured tempera- 
ture equals the measured current. The assump- 


?C. G. Suits, Phys. Rev. 55, 561 (1939). 

*C. G. Suits, Phys. Rev. 55, 198 (1939). 

Ww. Elenbaas, Phys. Rev. 55, 294 (1939). 

C, G. Suits and H. Porits Phys. Rev. 55, 1 
*L.S. Ornstein and H. Brin nn, Physica 1, 797 (1934). 
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tion that this relationship holds exactly provides 
a means of determining the arc temperature 
from measurements of current, gradient, and 
cross-sectional area. Dr. C. G. Suits, in a private 
communication, has kindly supplied the authors 
with values of the arc temperature determined 
in this way. Without inquiry into the absolute 
accuracy of these temperatures, the measure- 
ments from which they are derived are such as 
to make them self-consistent to within much 
narrower limits than the experimental error in 
the more direct measurements of temperature. 
These later determinations of Suits’ give tem- 
peratures varying from 5950°K at one ampere 
to 6400°K at ten amperes for an arc in nitrogen 
at atmospheric pressure. 

It was kindly pointed out to the authors by 
Dr. Joseph Slepian that the dimensional argu- 
ments employed in the earlier paper practically 
imposed the necessity for some variation in arc 
temperature with arc current. It will be seen 
later in the present paper that this variation in 
temperature appears as a result of the theory. 


THEORY 


The differential equation governing the posi- 
tive column of the arc may be written as 


d dT 
r r 


This equation differs from that developed in the 
earlier paper to which reference has been made 
only in the inclusion of convection. In this equa- 
tion W is the power generation per unit length, 
r the radial distance out from the center of the 
arc, © the generalized thermal conductivity, E 
the potential gradient, T the temperature, F the 
current density per unit potential gradient, and 
a is the power loss per unit volume by convection. 
As was pointed out in the earlier paper, the 
power loss by radiation represents less than five 
percent of the total for arcs at one atmosphere 
pressure with currents below 30 amperes. The 
present theory is designed to cover the range 
from one to ten amperes, and thus the neglect of 


radiation is justifiable. 


A single integration of Eq. (1) leads to 


dT 1 
f E?Frdr— f crar|, (2) 
dr rO 0 0 


—. 
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where d7/dr has been set equal to zero at r=0. 
The other boundary condition to be satisfied 
by the second-order differential equation (Eq. 
(1)) is simply that d7/dr must vanish when 
T=Tpo, the ambient temperature. 

Since the publication of the previous paper, 
certain minor revisions have been made in the 
functions F and 9, as reported therein. Dr. C. G. . 
Suits, of the General Electric Company Re- 
search Laboratory, has very kindly suggested the 
following possible revisions in the constants 
entering into the calculation of the functions. 
He points out that a later and probably more 


reliable value of the ionization potential of 


molecular nitrogen is 15.8 volts instead of the 
16.5 volts used previously, and the dissociation 
energy is more likely 7.34 volts than the 7.9 
volts recorded by. Lozier. Both these later values 
are to be found in Gasentladungstabellen by 
Knoll, Ollendorf and Rompe. The use of the 
new value for the dissociation energy together 
with the value of the free energies of both 
molecular and atomic nitrogen as given by 
Giauque and Clayton’ yield values of the equi- 
librium constant which differ from those reported 
by these authors, and which can be expressed 
with sufficient accuracy by . 


K = atmos. (3) 


The change in the ionization potential affects the 
Saha equation for the molecule, Eq. (8) of the 
previous paper. The current density per unit 
voltage gradient becomes with no further 
change 
2.17(102) 7/4 


F(T) { Pe 


4 
X {1+0.183P./P} amp./volt-cm, (4) 
where P,, the partial pressure of the atoms, is 
given by 
atmos. (5) 
and P is the total pressure, both expressed in 


atmospheres. Values of P., F, and n, the electron 
concentration, are given in Table I. It will be 


7W. F. Giauque and J. D. Clayton, J. Am. Chem. Soc. 
55, 4887 (1933). 
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TABLE I. Values of the current density per unit potential gradient F(T) ; electron concentration n ; atomic nitrogen pressure P,; 
generalized conductivity © ; and the two functions a(T) and 8(T) occurring in the convection heat loss function oc. 


F 
T Amp./cM? n Pa 8 

°K PER VOLT/CM PER cM? ATMOSPHERE JOULE/SEC. CmM® JOULE/cM* PER cm? 
6500 4.040 x 107 5.907 x 108 9.456 x 107 4.372 885.6 25.38 
6300 2.586 ‘ 3.856 ‘ 9.205 “ 5.019 ‘ 905.7 27.66 
6100 1.603 ‘ 2.443 8.835 “ 5.902 920.0 30.49 
5900 9.540107 1.491 8.310 “ 7.003 924.9 34.08 
5700 5.434 “ 8.737 X10" 7.600 ‘“ 8.163 “ 916.7 38.66 
5500 2.940 6.705 9.119 892.9 44.41 
5300 1.502 2.586 5.666 9.585 853.6 $1.41 
5100 7.198 10-3 1.289 ‘ 4.565 ‘ 9.398 802.4 59.57 
4900 3.241 ‘ 6.017 X10" 3.497 ‘“ 8.607 “ 745.0 68.74 
4700 1.356 ‘ 2.614 “ 2.544 ‘ 7415 “ 687.9 78.74 
4500 5.272 10-4 1.053 6.078 638.3 89.37 
4300 1.878 3.879 101° 1.149 4.796 594.2 100.9 
4100 6.11210-> 1.303 7.102 x 107% 3.762 “ 562.2 113.3 
3900 1.791 3.935 X 10° 4.135 540.4 126.8 
3700 4.647 X 10-6 1.052 527.6 141.9 
3500 1.047 2.440108 1.139 1.810 522.0 159.0 
3300 1.998 x 1077 4.805 X 107 5.288 X 10-3 1.541 “ 521.7 179.0 
3100 3.086 X 10-8 7.661 X 1.343 525.1 202.6 
2900 1.226 ‘“ 530.5 230.9 
2700 1.164 “ 537.2 265.7 
2500 545.0 308.7 
2300 1.058 ‘“ 552.4 362.9 
2100 1.001 ‘“ 559.0 423.6 
1900 9.406 <10-* 564.4 524.4 
1700 8.762 “ 567.4 648.5 
1500 8.072 ”566.8 821.8 
1300 559.7 1073 
1100 6.514 “ 541.6 1456 

900 5.628 “ 502.7 2071 

700 4.669 ‘ 422.6 3112 

500 3.642 ‘“ 253.3 4726 

300 2.500 “ 0 0 


noticed that differences between these functions 
and those recorded previously become more ap- 
parent as the temperature decreases. At 4000°K 
the change introduced in F corresponds to 100° 
change in temperature; at 7000°K the old and 
the new functions are practically identical. 

The generalized thermal conductivity, 9, re- 
quires alteration because of the changes made in 
the equilibrium constant and in the value used 
for the dissociation energy of the molecule. 
Furthermore, a reexamination of the entire 
function seems advisable at this point. 

Riewe and Rompe? include in their calculation 
of the generalized thermal conductivity the 
contribution of charged particles to the diffusion 
term. It is easy to show that this contribution is 
negligible here, and hence is omitted. The second 
point which needs clarification is the use of the 
Sutherland equation rather than that due to 


8K. H. Riewe and R. Rompe, Zeits. f. Physik 105, 478 
(1937). 


Hassé and Cook® for computing the viscosity, 
which enters into the calculation of the ordinary 
conductivity. With respect to molecular nitrogen, 
the existing data on the viscosity are hardly 
adequate as a basis for decision between the use 
of the Sutherland equation and that of Hassé and 
Cook. However, Hassé and Cook state in their 
paper that the experimental points for air (which 
is not far different from molecular nitrogen) lie 
distinctly below their theoretical curve. It is 
undoubtedly true that the actual values lie 
somewhere between those predicted by the two 
equations. In view of these uncertainties, it 
seems hardly justifiable to employ an equation 
involving any more refinements than those 
possessed by the Sutherland equation. However, 
it seems wise, wherever possible, to compensate 
in other factors for the possibly low values of 
viscosity obtained from the Sutherland equation. 


*H. R. Hassé and W. R. Cook, Proc. Roy. Soc. A125, 


196 (1929). 
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In introducing the correction to take care of 
the contribution of the atomic gas to the ordi- 
nary conductivity, it is found that, if one uses 
actual values of the various quantities entering 
into the kinetic theory ratio of atomic to molecu- 
lar conductivities, rather than purely kinetic 
theory values, this ratio is 1.1 instead of the 1.3 
reported previously. For an atomic gas, the ex- 
perience of Kenty’® with mercury vapor indi- 
cates that the use of the Hassé and Cook formula 
is to be preferred. The constants for use in the 
Hassé and Cook formula for atomic nitrogen 
are not available, but the ratio of the viscosities 
obtainéd by the two formulas for molecular 
nitrogen are 1.31 and 1.55 at 3000°K and 
7000°K, respectively. The ratios for atomic 
nitrogen should not be far different. Since specific 
information with which to perform the calcula- 
tions using the formula of Hassé and Cook for 
atomic nitrogen is lacking, the conductivity of 
the atomic gas is obtained, certainly within the 
accuracy justified here, by increasing the ratio 
of molecular to atomic conductivity to 1.5. 
This same factor was employed without discus- 
sion in the earlier paper. 

Concerning the diffusion term entering into 
the generalized conductivity, there are again 
two possible formulas for calculating the diffu- 
sion coefficient, one a Sutherland-like equation, 
the other an equation by Hassé and Cook." 
Here again, the formula of Hassé and Cook pre- 
dicts higher values than does that of Sutherland, 
but in view of the uncertainties involved in the 
long extrapolation from existing experimental 
data the Sutherland-type equation is employed 
here. Thermal diffusion is opposite in direction 
to concentration diffusion. An estimate of the 
magnitude of the thermal diffusion term was 
obtained using the formula developed by Furry, 
Jones, and Onsager.’ Their formula predicts for 
the present case a thermal diffusion term amount- 
ing to about one percent of the term representing 
concentration diffusion over the range of tem- 
peratures employed here. This contribution is 
neglected. 

The alterations in the diffusion term are con- 
fined, — to changes in the concentration 

BC. Ken Kenty, J. App. Phys. 9, $3 (1938). 

H.R. Has W.R. Cook, Phil. Mag. 12, 554 (1931). 


and W. d L. On =, Ph R 
$5, 1083 Ba Jones an sager, Phys. Rev. 
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gradient introduced by the previously mentioned 
change in the value of the equilibrium constant, 
and by the above-mentioned improvement in 
the value of the dissociation energy of the 
molecule. The latter value is, of course, that for 
absolute zero, but the change in going from 0°K 
to 7000°K is only three percent, and is in a 
direction such as to reduce the heat loss by 
diffusion. The neglect of this change and the 
neglect of thermal diffusion both tend to increase 
the total heat loss by diffusion and hence to 
make its value intermediate between that 
predicted by the Sutherland equation and that 
predicted by the equation of Hassé and Cook. 

Values of the generalized thermal conductivity 
including the above-mentioned alterations are 
presented in Table I. 


CONVECTION 


The fact that there is no adequate theory for 
free convection, even though the problem has 
merited the attention of many able investigators 
in the past,” presents unique difficulties in the 
determination of the free convection function ¢. 
This is in sharp contrast with the preceding 
discussion where adequate theories were avail- 
able for the other functions involved in the 
problem. Even with the artificial assumption of 
laminar flow of the fluid, the resulting equations 
for convection heat loss become prohibitively 
difficult of solution. Hence we were led to develop 
an empirical equation for o which satisfies the 
requirements both of dimensional analysis and 
those imposed by the electric arc itself. As a 
guide in developing the heat loss function o, 
recourse is had to information concerning total 
heat loss from solid cylinders. This has been 
dealt with in the past in two ways, the dimen- 
sional analysis originated by Rayleigh and 
developed further by many others, and the 
“stationary layer’ theory developed by Lang- 
muir. Of the two, the dimensional analysis has 
proved more useful for our present purposes, 
since no stationary sheath exists in the arc. 

Dimensional analysis applied to the data on 
total heat loss from solid cylinders leads to the 
conclusion that 


18 See W. J. King, Mech. Engin. May (1932) for a general 
list of references. 
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where H/ is the total heat loss per unit length 
per unit temperature excess over surroundings, 
K is the thermal conductivity, g the acceleration 
due to gravity, a the temperature coefficient of 
expansion at constant pressure, 0 the tempera- 
ture excess, p and 7 the density and viscosity, 
respectively, C, the specific heat, and d is the 
cylinder diameter. The function N is certainly 
independent of the particular gas for diatomic 
molecules and might be expected to vary but 
little for monatomic or polyatomic molecules. 
Dimensional plots of H/K vs. ga6d*p?/n? for 
solid cylinders have been made using measured 
values of the various quantities involved, for 
cases in which the temperature excess @ is small 
in comparison with the absolute temperature of 
the cylinder. For these cases the various quanti- 
ties involved have been evaluated at the mean 
temperature. The points so plotted lie on a sur- 
prisingly smooth curve, even though the range of 
values for the abscissa is extremely large. This 
dimensional method has been used successfully 
by Suits and his collaborators® for correlating arc 
data. Here the temperature excess @ is no longer 
negligible in comparison with the absolute tem- 
perature at the visual arc edge. He has found 
empirically that, instead of evaluating the 
quantities at the mean temperature, he must 
make the correlation using a evaluated at am- 
bient temperature and the other quantities at the 
temperature of the arc edge. Here the quantity d 
is, of course, taken to be the arc diameter as 
determined either visually or photographically. 
It is important for our purpose to notice that, 
if a is evaluated at ambient temperature, 


— pal =po—p, 
where po is the density at ambient temperature. 


Hence the relationship used by Suits can be re- 
written in the form 


H/K = M(g(po—p) ¢d*/n’). (7) 


On the basis of Suits’ analysis, any form selected 
for the function o must be such that, when inte- 
grated to find the total heat loss, the integral will 
satisfy Eq. (7). 

A number of different empirical functions, 
each satisfying Eq. (7), were tried until the 
function employed in this work was finally 
determined. 


The first empirical function tested was the 


simplest, namely 
o=Aa(T)r, 8) 


a(T)=g(po—p)Q/n (9) 


and Q is the heat content per unit volume (to be 
discussed later). A is a constant and the other 
quantities are as defined previously. The rapidity 
with which the function a(7) approaches zero in 
the vicinity of ambient temperature prevents 
the function ¢ from becoming large at large 
values of r, and causes it to vanish at ambient 
temperature. A few trial integrations with this 
function soon showed that, if A was made 
sufficiently large to ensure a4equate power loss 
for small values of r, the (perature gradient 
changed sign long before room temperature 
was reached, which led to an infinite total power 
dissipation. It was thus apparent that, to avoid 
such catastrophes, a factor was needed to reduce 
the value of the function o-for large values of the 
radius while preserving its initial value. The 
dimensional restrictions imposed limit one to 
terms which are functions of g(po—p)pr*/n?. This 
function must have a form such that it will 
decrease rapidly with increasing values of the 
argument. Many such functions were tried, and 
those of exponential form were the most satis- 
factory. After careful examination of the various 
possible exponentials, the one finally adopted 
was 


where 


where B is a constant; and hence, the next stage 
in the development of the heat loss function is 


o (11) 


where is written for g(po—p)p/n’. 

If one uses experimental values for the center 
temperature of the arc as initial conditions for the 
integration, this heat loss function is perfectly 
satisfactory out to radii such that beyond there 
is no further contribution to the electrical power 
generated. It was not possible, however, with 
any selection of the constants A and B to account 
for the observed power and at the same time 
satisfy the boundary conditions at room tempera- 
ture. It might be expected that, as room tem- 
perature is approached, the heat loss func- 
tion should reduce to a simpler form and thus 
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a constant term was added to the exponential 
factor. The heat loss function finally arrived at, 
therefore, is 


4 CJ (12) 


which, of course, reduces to the simple form 
(Eq. (9)) as the argument is increased. With this 
final function it is possible to account for the 
observed power loss per unit length and at the 
same time satisfy the outer boundary conditions. 

It now remains to discuss the various quanti- 
ties entering into the function ¢. The first of 
these is the density, p. Perfect gas laws can, of 
course, be assumed for both atomic and molecu- 
lar gases, and, hence, given their partial pres- 
sures, the expression for the density becomes 


3.431(10-") P. . 


The heat capacity per unit volume, Q, is 
given by 


T T 
(era) f +o4 f +a], 04) 
300 300 


where 2g is the dissociation energy of the molecule 
in joules per gram, 300°K is the ambient tempera- 
ture employed in the calculations, C,, and C,, 
are the specific heats for atoms and molecules, 
respectively, and p, is the partial density of 
atoms. 

The calculation of the viscosity » for the 
molecule has been discussed earlier in this paper. 
The viscosity of the mixture may be closely 
approximated by taking the weighted average of 
the viscosities for the molecular and atomic 
gases. The viscosity of the atoms should be given 
more nearly by the equation of Hassé and Cook 
than by that of Sutherland. However, not only 
are the constants for use with the Hassé and 
Cook equation lacking, but the accuracy to be 
expected in the results hardly justifies the labor 
involved in the use of this formula. It is possible, 
however, from a critical examination of the situa- 
tion, to accomplish the same purpose much more 
simply to well within the accuracy justified by 


“these calculations. The ratio of the viscosities 


of the molecules as computed by the two equa- 
tions has the value of 1.55 at 7000°K and 1.31 at 
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3000°K. This ratio should not be far different for 
the atomic gas. The ratio of atomic to molecular 
viscosities as given by kinetic theory is 0.84. 
Thus, if it is assumed that the viscosity of the 
mixture is the viscosity of a molecular gas as 
computed by the Sutherland equation, the result- 
ing values of the viscosity for the mixture will be 
intermediate between those predicted by the 
Sutherland equation and those predicted by the 
equation of Hassé and Cook, approaching values 
predicted by the former at low temperatures and 
those predicted by the latter as the temperature 
is increased. This is believed to yield viscosity 
values for the mixture that approximate the 
true viscosities as closely as present knowledge 
warrants. Any residual errors remaining as a 
result of these assumptions will be taken care of, 
to a large extent, by the empirical selection of the 
constants in the function o. 

Values of the functions a(T) and com- 
puted by the method outlined above are pre- 
sented in Table I. 

The solution of the complete arc equation, 
Eq. (2), was obtained by the method of numerical 
integration described in the earlier paper. This 
method, as was pointed out there, is equivalent 
to a three-term Taylor expansion about each 
selected value of r. Linear interpolation was used 
with the functions presented in Table I. The 
accuracy of the integration procedure was tested 
by halving the intervals in r for a particular 
case and again carrying out the integration. 
The two solutions gave temperature distribu- 
tions agreeing at every point to considerably 
less than one percent and hence the procedure 
was considered entirely adequate. 

The three arbitrary constants appearing in 
the convection heat loss function o were de- 
termined in the following way. The function ¢ 
splits up naturally into two parts. Within radii 
beyond which there is no appreciable contribu- 
tion to the power generation, the constant C is 
negligible in comparison with the exponential. 
Hence pairs of values of the constants A and B 
were chosen and the integration of Eq. (2) per- 
formed for various values of E, using in each case 
experimental values for the center temperature 
and carrying out the integration sufficiently 
far to ensure complete power generation. From 
this, a single pair of values for the constants A 
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Fic. 1, Arc temperatures as a function of arc current. 


and B was chosen which gave the best values for 
the power loss over the entire range. This condi- 
tion, together with the restriction that d7/dr 
must not change sign, was sufficiently stringent 
to keep all possible pairs of values for A and B 
within small limits, and to demand that each 
separately be determined to at least two sig- 
nificant figures. After setting these two constants, 
the constant C was determined by ensuring that 
dT/dr vanish at.ambient temperature for the 
ten-ampere point. Both the temperature dis- 
tribution and power loss were slightly better 
using a center temperature at the ten-ampere 
point of 6350°K instead of the 6400°K deter- 
mined by Suits in the manner described pre- 
viously. This requirement was sufficiently rigid 
to fix C to at least two significant figures. 

The constants thus determined are: A =0.21; 
B=0.127; C=0.0044. 

Thereafter, without changing the values of A, 
B, or C, a value of center temperature, for each 
value of E selected, was sought which would 
satisfy only the outer boundary conditions. 
Such values, after considerable laborious com- 
putation, were found, and, as formerly, in each 
case 


f E*Frdr, 


obtained in the course of the calculations, repre- 
sents the total power generation per unit length. 


A. M. STOINE AND E. S. LAMAR 


In our previous paper, it was not possible to 
use the boundary condition that d7/dr vanish 
at ambient temperature because of lack of 
detailed knowledge concerning convection. As a 
substitute for this boundary condition, recourse 
was had to a maximum ‘condition imposed on 
the total power. This, of course, was simply an 
artifice by means of which a reasonable solution 
of the arc problem could be obtained applying 
only to low currents. The authors now believe 
that the success which resulted from the use of 
this maximum condition was due to the existence 
of a sharp maximum in the generalized conduc- 
tivity tending to tie the arc temperature to a 
particular value. We do not believe that any 
general maximum principle, other than that 
imposed by the peculiar nature of the conduc- 
tivity, applies to this problem. To anticipate a 
little, the more extended theory presented in 
this paper is more satisfactory than was that of 
the previous paper not only because of its more 
extensive application, but because of the fact 
that it predicts decreasing temperature with 
decreasing current. 


RESULTS AND CONCLUSIONS 


The arc temperature as a function of arc cur- 
rent is presented in Fig. 1. The solid line repre- 
sents the center temperature as determined 
from the theory. The dashed line is a plot of 
temperature determined by Suits™ on the as- 
sumption that the product of the visual cross- 
sectional area, the electric intensity, and the 
current density per unit gradient at that tempera- 
ture equals the measured current. The dotted 
line represents ‘‘average” temperatures ob- 
tained from the theory in the following manner. 
In the previous paper, an ‘‘average”’ cross section 
was calculated and the temperature appropriate 
for that cross section was used as the average 
temperature of the arc. Slightly better agree- 
ment is attained, if one calculates from the 
theory an “average” radius rather than an 
“average’’ cross section, and defines the tempera- 
ture appropriate for this radius as the “average” 
temperature. The ‘“‘average”’ radius, so defined, 
is given by 


J / J "Prd (15) 


4 C. G. Suits, J. App. Phys. 10, 728 (1939). 
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and the ‘“‘average”’ temperature, 7’, is determined 


by 
n[#PEF(T) =I, (16) 


where J is the current. 

As can be seen from the diagram, the experi- 
mental measurements of Suits, the center tem- 
peratures and “average” temperatures deter- 
mined from theory all agree over the current 
range from one to ten amperes within the un- 
certainties inherent in the experiments and in 
the definitions of the various temperatures. 
The temperatures obtained from the theory 
decrease in a manner to be expected with de- 
creasing current from ten to one ampere. 

Computations below one ampere, however, 
show that with the constants selected it is im- 
possible to find a center temperature for the arc 
such that the outer boundary condition is 
satisfied. Mr. J. J. Hopkins, working in this 
laboratory, was unable to maintain arcs of 
sufficient length to ensure a uniform and well- 
defined positive column of the type postulated 
in the theory for currents below one ampere. 
It is to be noticed also that in the published work 
of Suits no data is presented for currents below 
one ampere at atmospheric pressure. Hence this 
theory predicts the impossibility of maintaining 
well-defined and steady positive columns in arcs 
running below one ampere. Since this prediction 
refers to a phenomenon entirely distinct from 
those which we set out to explain, it provides an 
independent justification for the theory. 


Fic. 2. Power dissipation per unit length as a function of 
arc current. 


r(centimeters) 
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Fic, 3. Temperature distribution as a function of radius for 
three values of arc current. 


There is no ambiguity in terminology in dis- 
cussing power loss per unit length. It can be 
measured experimentally and can be determined 
from theory. The results of both are presented 
in Fig. 2, where the solid curve is that obtained 
from theory, and the dotted curve was plotted 
using the equation given by Suits? as the best 
representation of his experimental data. In his 
paper, the actual experimental points are pre- 
sented. These are not reproduced in Fig. 2, 
but do lie on both sides of the theoretical curve 
over the entire current range. Values of the 
power loss obtained by Hopkins in this labora- 
tory are included in this plot as vertical lines, 
the length of each line giving the uncertainty in 
the measurement. Both Suits’ and Hopkins’ arcs 
were believed to be metal-vapor-free. The agree- 
ment among these three sets of determinations 
is well within experimental limitations. A re- 
examination of the simple theory presented in 
the earlier paper in the light of the changes made 
in the various functions yields a value for the 
power loss per unit length which is included as a 
horizontal line in the diagram. The new center 
temperature determined from the simple theory 
is 6000°K, a value remarkably close to that ob- 
served at the bottom of the experimental cur- 
rent range. This value is shown as a solid line 
in Fig. 1. 

As a matter of interest, the temperature dis- 
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tribution curves for three values of current are 
presented in Fig. 3. There are, of course, no 
published reliable measurements of temperature 
distribution in the free-burning arc for compari- 
son with theory. The two arc radii are presented 
in Fig. 4. The lower curve represents the visual 
arc radius as determined by Suits, and the upper 
curve, the “average” arc radius as determined 
from theory. As was mentioned earlier, because 
of lack of knowledge concerning the dependence 


08 
g 
OA Visual radius - Suits -exp. 
Current (amperes) 
l 1 l 


oO 2 4 6 6 10 
Fig. 4. Arc radii as a function of arc current. 


of radiation on temperature, the visual arc 
radius could not be determined’ from theory. 
The visual arc radius and the “average” arc 
radius need not necessarily coincide for the 
reason that they are defined in different ways. 
However, they should, and do, show the same 
general trend, so that, although Fig. 4 cannot 
be used for quantitative comparison between 
theory and experiment, the agreement in general 
behavior between the two curves does provide 
further confirmation of the theory. It is to be 
noticed in Fig. 3 that the temperature variation 
over the visual arc radius amounts in most cases 
to less than 500°, a result in general agreement 
with the opinion held by Suits from a critical 


examination of the photographs used in his 
sound velocity measurements. 

Suits’ measurements of luminous efficiencies 
in arcs indicate that radiation is still negligible 
at ten atmospheres. Hence some preliminary 
calculations have been carried out for the ten 
atmosphere arc using the values of the constants 


A, B, and C determined at atmospheric pressure - 


in the ten atmosphere convection heat loss func- 
tion. The results obtained were in surprisingly 
good agreement with experiment both in tem- 
perature and power. The extension of the em- 
pirical heat loss function from one to ten at- 


_ mospheres involves considerable extrapolation, 


since the gas density occurs essentially squared. 
The resulting agreement between theory and 
experiment, therefore, provides additional and 
almost conclusive evidence for the belief that the 
heat loss function determined empirically in this 
work cannot differ greatly from the actual heat 
loss function. 
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Absorption of Supersonic Waves in Water and in Aqueous Suspensions 
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The absorption of supersonic waves in both water and in an aqueous suspension of lyco- 
podium spores was measured at seven different frequencies ranging from 990 kilocycles to 
2500 kilocycles in approximately equal steps. A piezoelectric quartz plate was used in each 
case as a sound source and was driven by an electron-coupled oscillator and two-stage amplifier 
capable of yielding 100 watts. The radiation pressure of the sound waves against a cone sus- 
pended in the field was measured directly with a chainomatic balance. The differences in the 
absorption coefficients found for lycopodium suspension and for water were compared with 
the classical theoretical expectation as derived by Sewell. These differences approach more 
nearly the theoretical value as the frequency increases. This may be due to the relative non- 
rigidity of the spores at lower frequency—a situation which would violate the theoretical 


boundary conditions. 


INTRODUCTION 


HE object of the present work was to 

investigate the attenuation due to friction 
and scattering of high frequency sound waves in 
a liquid suspension. Sewell' has treated this 
problem theoretically but the only recorded 
measurements are those of Altberg and Holtz- 
mann? and of Laidler and Richardson’ for 
aerosols. The former of these investigators 
measured the absorption in tobacco smoke, but 
since they made no analysis of the smoke as to 
the numbers and sizes of the particles present, 
no comparison with theory is possible. Laidler 
and Richardson studied the absorption in aerosols 
of magnesium oxide, stearic acid and lycoperdon 
spores and made an analysis of all three. The 
experimental absorption was usually much 
greater than the theoretical at the highest 
frequency (695 kc). Closest agreement was 
found with the lycoperdon spores, presumably 
because they are more nearly spherical than the 
smoke particles of magnesium oxide or of 


stearic acid. 


THEORETICAL 


J. C. T. Sewell? has developed a theory for 
the extinction of sound in a viscous atmosphere 


*Part of the dissertation presented for the Degree of 
Doctor of Philosophy at Brown University 

7 T. Sewell, Phil. Trans. Roy. Soc. A210, 269 (1910). 
1925). Altberg and M. Holtzmann, Physik. Zeits. 26, 149 


*T. a Laidler and E. G. Richardson, J. Acous. Soc. Am. 
9, 217 (1938). 


by small spherical obstacles. In the course of the 
argument approximations are made which re- 
quire that the circumference of the obstacle be 
small compared with the wave-length of the 
sound, that the total volume occupied by the 
obstacles be small compared with the volume of 
the fluid, and that the quantity a(w/)! be large 
compared with unity. The expression finally 
developed is as follows: 


7 {wa 
2a=nro} +(= ~) 
9 
in which 2a, the intensity absorption coefficient, 
is defined by the equation J=J e~*** and in 
which is the number of obstacles per cubic 
centimeter, a is the radius of an obstacle, y is 
the kinematic viscosity of the medium (=vis- 
cosity/density), c is the velocity of sound in 
the medium, and w=2zv, where » is the fre- 
quency. The first of the terms in (1) represents 
the loss due to turbulent friction in the immedi- 
ate vicinity of an obstacle. It is the term which 
contributes most significantly to the absorption. 
The second term represents the loss due to 
stream flow friction and has been obtained in a 
simpler fashion by Brandt‘ using Stokes law for 
the slow motion of a sphere through a viscous 
medium. The third term represents the fraction 
of the incident energy which is scattered to a 
distance. Although in this theory the obstacle is 
supposed to be at rest, Sewell, in an appendix to 


‘O. Brandt, Kolloid Zeits. 81, 2 (1937). 
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his paper, reported a modification to be used in 
case the obstacle was so small that it partook, 
sensibly, of the wave motion. A calculation 
showed that in the present work the obstacles 
were large enough so that the ratio of the ampli- 
tude of their motion to that of the sound was of 
the order of 10-*, and consequently that Eq. (1) 
might be expected to hold without modification. 


APPARATUS 


The sound waves were produced by x cut 
quartz crystals, 2.5 cm square, driven by an 
impressed alternating voltage having a frequency 
near that of the resonance response of the 
crystal. To insure intimate electrical contact, 
silver was evaporated on to both faces of each 
crystal and a thin layer of copper was electro- 
plated on to this. The copper and silver were 
then etched from the crystal on one side in such 
a way that a disk of metal about 2.2 cm diameter 
remained. The crystal was then cemented with 
beeswax over a hole in a brass disk, carefully 
centered, so that the metal on the crystal made 
no contact with the brass. The brass disk with 
the crystal at its center was then laid on a base 
and was sealed in position by a section of 
threaded brass tubing, 11 cm in diameter. 
Vellumoid gasket material was used. In this way 
the tubing and the disk formed the tank for 
holding the liquid. The upper surface of the 
crystal which was in direct contact with the 
liquid was grounded by means of a thin phosphor 
bronze strip, whereas the high tension contact 
was made on the under surface of the crystal 
which by this arrangement was kept dry. The 
height of the tank could be increased to 40 cm 
by screwing into position two more sections of 
tubing. The alternating voltage was supplied by 
an oscillator and two-stage amplifier operating 
with 1100 volts on the power stage. The oscil- 
lator was the electron-coupled type investigated 
by Dow,' and possessed excellent frequency 
stability. This instrument permitted the selection 
of any desired frequency from 500 kilocycles to 
6 megacycles at a maximum output of 100 
watts, and hence proved very suitable for 
producing a continuous range of supersonic 
frequencies. The power was taken from the 


5 J. B. Dow, Proc. I.R.E. 18, 2095 (1931). 


output of the power amplifier through a “link 
coupling” transmission line, and was picked up 
in a resonant circuit in parallel with the piezo- 
electric crystal. This resonant circuit consisted 
of a single variable condenser and a rather large 
bare wire copper coil having an inductance of 
1400 microhenries. By tapping this coil at 
suitable points it was possible to tune its circuit 
to all the frequencies investigated. The amount 
of power conveyed to the crystal, and conse- 
quently the intensity of the resulting supersonic 
beam, was controlled by varying the coupling 
coefficient. 

The intensity of the sound beam was measured 
directly by weighing its radiation pressure as 
was similarly done by Sérensen® and by Claeys, 
Errera and Sack.” A brass cone having a basal 
diameter of 2.5 cm, was suspended vertex down- 
ward in the sound beam. The suspending wire 
passed upward through a hole in a supporting 
shelf on which was placed a balance, and the 
wire was fastened to one of the balance arms. 
A chainomatic balance was used so that reading 
could be made conveniently within a range of a 
tenth of a gram without changing the weights on 
the scale pan. 

A search was made for a suitable suspension, 
water being chosen as the best medium for the 
purpose. Aqueous suspensions of gum mastic, 
collodion, and levigated alumina were made, but 
microscopic examination proved them unsuit- 
able since they contained a wide range of particle 
sizes and shapes, including such small sizes that 
Brownian motion became very apparent. Conse- 
quently a settling method (cf. Laidler and 
Richardson*) for analyzing these suspensions 
would still leave out of account the smallest 
particles which would then be an undetermined 
element in the measurements. A series of fungus 
spores was next considered. It was finally decided 
to use lycopodium spores since (1) they are 
readily available in large quantities, (2) they are 
nearly spherical and may be got into aqueous 
suspension without destroying their sphericity, 
and (3) they are closely grouped around a size 
norm which is of a magnitude satisfying the 
requirements of the theory. The mean diameter 


*C. Sérensen, Ann. d. Physik 26, 121 (1936). 
a9 Ce Errera and Sack, Trans. Faraday Soc. 33, 136 
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of the spores was determined by direct measure- 
ment to be (30.6+1.6) X10~ cm. 


PROCEDURE 


The density of the lycopodium spores was 
determined to be 1.0 gram/cm! by a flotation 
method, and by a direct specific gravity flask 
method. Several grams of lycopodium were 
weighed out in a beaker and the whole mass was 
wetted with ethyl alcohol. A thin paste was thus 
made which was poured into a relatively large 
volume of water, well stirred. The water was 
then heated nearly to boiling for a time, during 
which the alcohol was expelled. Measurement of 
the remaining volume then permitted the calcu- 
lation of m, the number of spores per unit volume. 
It was observed that after such a suspension 
had been freshly made, the spores settled very 
slowly, taking as long as an hour in some cases, 
thus confirming the value unity for their density. 

It was, of course, necessary to measure the 
absorption in pure water and to subtract this 
value from the suspension value in order to make 
a comparison with theory. The water used was 
distilled and boiled to get rid of dissolved air, 
after which it was kept in stoppered bottles 
filled to the top until siphoned (to avoid splash- 
ing) into the tank for the actual measurements. 
The cone, used for measuring the radiation 
pressure, was suspended directly over the crystal 
at a distance of a few centimeters. It was 
weighed in this position after which the sound 
field was turned on by closing a switch inserting 
the crystal into the driving circuit. The cone was 
again weighed. In the event that standing waves 
were set up between the cone and the source, as 
sometimes happened, there were two values of 
the weight within which the balance was in- 
sensitive, i.e., gave no deflection for slight 
changes in load on the weight arm of the balance, 
but outside of which the weight was definitely 
too much or too little. These limits were repro- 
ducible within a milligram. In these cases the 
average of the two limits was taken as the actual 
weight. After the cone had been weighed in this 
fashion, its distance from the source was in- 
creased to the maximum value by shortening 
the suspending wire, and the weighing was 
performed again. It was considered preferable to 
utilize the maximum distance for a large number 


of readings rather than to remove the cone 
through successive short distances to obtain 
straight line plots representing the absorption. 
The reason for this is that it was difficult to 
maintain constant conditions over the length of 
time necessary for a series of measurements over 
successive short distances, because of the slight 
density gradient of the water from top to bottom 
of the tank due to the air entering into solution ; 
in the suspension measurements the slow settling 
of the lycopodium also caused similar difficulty. 
Furthermore, in measuring the change of weight 
over the maximum distance, the measurable 
differences became large compared with the error 
of their determination, thus increasing the 
accuracy of the individual measurements. This 
accuracy was further augmented by repetition of 
the measurements, each absorption value repre- 
senting the mean of from ten to twelve runs. 
During the time when the sound field was turned 
on the current through the quartz crystal, as 
read on the meter, was kept constant. Usually no 
adjustment in this respect was necessary. The 
sound was then turned off, and a weighing was 
made amounting effectively to a determination 
of the relative density of the water for this 


TABLE I. Values of 2a. Number of spores/cm*, 0.945 X 10°. 
Radius of spores 15 X 10-4 cm. Total volume 
of spores was 2 percent of the 
volume of the water. 


FREQUENCY 
IN DIFFERENCE 
MEGACYCLES 2a (WATER) 2a (LYCOPODIUM) A(2a) 
246 0.015+0.002 0.049+0.007 0.034+0.009 
2.20 0.018+0.001 0.042+0.003 0.024+0.004 
2.01 0.014+0.001 0.031+40.003 0.017+0.004 
1.74 0.017+0.001 0.032+0.001 0.015 +0.002 
1.50 0.014+0.002 0.028+0.001 0.014+0.003 
1.25 0.021+0.002 0.030+0.001  0.009+0.003 
0.97 0.028+0.003 0.03140.004 0.003+0.007 


position of the cone. The same procedure was 
followed for the measurements on the suspen- 
sions, except that before each determination, the 
entire suspension was stirred. After the water 
had come to rest, the weighings were carried out 
as before. The sound intensity, as measured by 
the balancing weight, was kept constant at the 
different frequencies, so that comparison of 
absorption values at different frequencies could 
be made. The results are given in Table I. 
The logarithm of the quantity K =(2a/»*) x10" 
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for pure water is plotted against log v in Fig. 1 
together with the results of other investigators. 
The comparison of the experimental values of 
A(2a) is made with the theoretical ones in 
Fig. 2. 


DiIscuUSSION AND CONCLUSION 


According to the classical theory of Stokes, the 
quantity K = (2a/v?) X10" is a constant equal to 
17 for the case of water. The values of K com- 
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Fic. 1. Sound absorption in pure water as a func- 
tion of frequency. Letters indicate authors of data as 
follows: B-Bar, Bi-Biquard, C-Claeys, Errera and Sack, 
F-Fox, H-present work, O-Otpushtshennikov, Q-Quirk, 
S-Sdrensen. 


puted from the results of various investigators 
vary from 38.4 to 45,000, i.e., by a factor of 
more than a thousand in a frequency range of 
from 0.194 to 83 megacycles. Although the lack 
of agreement between different investigators at 
the same frequency is extraordinary, the trend 
of all data indicates a large absorption band in 
the frequency range from 0.194 to about 3 
megacycles. Furthermore the curve K (or as in 
this case log K) vs. log v agrees qualitatively with 
the prediction made by H. O. Kneser.* According 
to the theory of Kneser a minute concentration 
of some impurity may shift the absorption band 
to a different frequency. This would, of course, 
account for the discrepancies among different 


*H. O. Kneser, Ann. d. Physik 32, 277 (1938). 
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observers at the same frequency, but should be 
put to experimental test with multiple distilled 
and carefully outgassed water. 

Figure 2 showing A(2a) indicates that within 
the frequency range of the present experiment 
the turbulence term is theoretically the most 
important. Although the experimental value 
found for A(2«@) shows a steady increase with 
increasing frequency, the agreement with theory 
is only qualitative, becoming closer as the fre- 
quency is increased. A possible reason for the 
lack of agreement may be contained in a con- 
sideration of the boundary conditions at the 
surface of the obstacle. In the theory this surface 
is supposed to be motionless, i.e., the obstacle 
is a rigid sphere into which no sound can pene- 
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Fic. 2. Sound absorption by lycopodium spores alone 
as a function of og ww compared with theoretical 
expectations. Curve 1—absorption due to turbulence; 
Curve 2—absorption due to stream flow friction; Curve 3— 
absorption due to energy scattered to a distance. 


trate. Since this state of affairs is very hard to 
realize, it seems certain that the boundaries of 
the spheres are not strictly at rest. One would 
expect, however, that the spores would become 
relatively more rigid as the frequency rises, and 
this appears indeed to be the case. 

Since the cone was weighed in two positions, 
24.5 cm apart from each other, it was expected 
that the sound beam would spread and that a 
spurious effect, would thereby be introduced into 
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the value for the water absorption. According to 
a formula developed by King,® at the lowest 
frequency used, 84 percent of the sound energy 
is contained in a cone whose semi-vertical angle 
is 4 degrees and 20 minutes; at the highest 
frequency, 84 percent of the sound energy is 
contained in a cone whose semi-vertical angle is 
1 degree and 40 minutes. This is an estimate 
which greatly exaggerates the spread, since most 


9L. V. King, Can. J. Research 11, 135 (1934). 
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of the energy of the beam is contained within 
narrower limits than those here given. Neverthe- 
less, the value of A(2a) is independent of this 
slight spurious effect, since it represents the 
difference in absorption due to the addition of 
the suspension. 

' We wish to express our sincere thanks to 
Professor R. B. Lindsay for his suggestion of 
the problem and for his help throughout the 
investigation. 
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The Computation of Quadrupole and Magnetic-Dipole Transition Probabilities 


GrorceE H. SHORTLEY 
Harvard College Observatory, and Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 
(Received November 29, 1939) 


The theory of quadrupole radiation is formulated in such a fashion as to make available 
all the methods of computation and sum rules which have been developed for electric-dipole 
radiation. Formulas for the strengths are given for the SLMsMz scheme as well as the SLJM 
scheme. The problem of the relative strengths of the multiplets in a transition array is treated, 
and formulae are given that explicitly solve this problem for all possible transitions between 
two-electron configurations. Values for np n'p<snp np np n'p—-np n'p and 
np*->np* are tabulated. The spectroscopic stability method and the eigenfunction method of 
obtaining relative multiplet strengths are given a convenient formulation; and values are 
computed for np’—>np*. A root S4 of the line strength is defined in such a way that it transforms 
like a Hermitian matrix component. This enables convenient computation of line strengths in in- 
termediate coupling. The J-file sum rule is shown to hold in intermediate coupling with the same 
degree of generality as for the electric-dipole case. Finally, closed formulas for the magnetic- 
dipole strengths in LS coupling are given and the method of transformation to intermediate 
coupling is indicated. 


HE following considerations were developed in preparation for a complete tabulation of all 
quadrupole and magnetic-dipole strengths within the configurations *, p*, and p*‘, for all 
possible cases of intermediate coupling, by a group at the Harvard College Observatory.' 


I. QUADRUPOLE RADIATION 


For the case of quadrupole transitions, the relative strengths of the Zeeman components of a line 
and of the lines of a multiplet were first computed by Rubinowicz’ and later, from group theory, 
by Brinkman.’ The J sum rule was shown to be obeyed within the multiplet. But nothing has been 
done, from a general point of view, in connection with the relative or absolute strengths of the 
multiplets in a transition array in LS coupling, and in connection with other coupling schemes of 
importance, such as intermediate coupling, the SLMsMz scheme, and jj coupling. Condon‘ has 
computed the absolute strengths of most of the lines of p’, p*, and p*, for LS coupling and small 

*G. H. Shortley, L. H. Aller, J. G. Baker and D. H. Menzel, ‘‘Tabulation of Strengths of Forbidden Lines in p*, p*, p* 
of to appear soon in the Journal. 

. Rubinowicz, Zeits. f. Physik 61, 338; 65, 662 (1930). 


*H. C. Brinkman, Zur Quantenmechantk der Multipolstrahlung, Dissertation, Utrecht, 1932. 
*E. U. Condon, Astrophys. J. 79, 217 (1934). 
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departures therefrom; but always by tediously writing explicitly one of the intermediate-coupling 
eigenfunctions in the SLJM scheme for each separate level and computing from these the line 
strengths. It turns out, however, that all the simplifications which are used in the computation of 
ordinary dipole radiation® are available also in the case of quadrupole radiation; similar methods 
of computation may be used and similar sum rules are obeyed. In this note we give a formulation 
of the theory which is very convenient in this connection, and outline, frequently by analogy with 


the dipole case, the necessary proofs. 


Preliminaries 
The strength S,(aJ,a’J’) of a quadrupole line, in terms of which the probability of spontaneous 
transition from the upper level aJ to the lower a’J’ has the value ; 


1 
A,(aJ, a’ J’) = Sq(aJ, a’ J’), 
is defined by Sq(aJ, a’ J") = Sq(a’ J’, aJ) = |e I'M’) 
Here is the dyadic ‘= 3723), (2) 


the summation running over the electrons. In (1), the absolute square of a dyadic means the double- 
dot product of the dyadic and its complex conjugate, which is the sum of the absolute squares of 
the nine elements of the dyadic. 

The formulas of Rubinowicz for the elements of the Hermitian matrix occurring in (1), but ina 
notation patterned after that used by TAS for the dipole components, and which will prove ex- 
tremely convenient, are 
(aJ M|N le’ JM22) =(a S?Nia’ KR( 42), 

(aJ JM+1) =(aJ:Nia’ J)}(2M+1)[(J*F M)(J4+M+1)]}! R(+1), 
(a J M|N'|a’ J M) =(a Ji Nia’ J)6*[3M?—J(J+1)] &(0), 
(a J M|N’ la’ J—1 M+2)=(a Ji Nia’ J—1) 
(+4) M) (JF M—1)(J*F M—2)(J4M+1) R(+2), 
(a J J—-1 M+1)=(a JiNia’ M) (JF R(+1), (3) 


(a J M|N'|a’ J-2 M42) =(a JiNia’ J—2)3[(J* M)(JF M—1)(IF M—2)(IF M—3)}! K(+2), 
(a J |e’ M+1)=(a JiNia’ K(+1), 
(aJ J-2M) =(aJS:Nia’ K(0). 


Here the R(4M) represent the dyadics 
R( 42) RK( +1) = R(0)=V/3 (4) 


The factors (aJ:Nia’J’) are expressible in terms of the factors (aJ:r;ja’J’) employed in the dipole 
discussion (TAS, pp. 63, 95) as linear combinations of quantities of the type 


J”) (a”’ J’) =D(J,J" (5) 
namely (aJi Nia’ J) =D(J,J,J) —D(J,J-1,J) —D(J,I+1,J); 
(aJi Nia’ (6) 


(a Ji Nia’ J —2)=D(J,J—1,J—2). 
5 See E. U. Condon and G. H. Shortley, Theory of Atomic Spectra (Camb. Univ. Press, 1935), to which we shall refer 


by the letters TAS. 
* TAS, p. 93 et seg.; E. C. Kemble, Quantum Mechanics (McGraw-Hill, 1937), p. 469, p. 462 (footnote). 
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The factors (aJ:Nia' J’) form a Hermitian matrix which transforms like the matrix of an observable: 
(BJ:Nip’ J’) = (BI Nia’ J’) (7) 


This may be easily demonstrated from the known transformation properties (TAS 9°12, p. 64) of 
the separate factors of (5). 


The SLM;M, scheme 


Computations in Russell-Saunders coupling are frequently simplified by using states characterized 
by the quantum numbers MsM, in place of JM. For example, one can obtain the dependence of 
the matrix components of Jt’ on MsM, much more simply than on JM. They are diagonal in S 
and Ms, and by exactly the arguments used in the computation of (3), we see that the dependence 
on is 


(ySLM sM1|N'|\y'SL’M sMz') =(ySLiNiy'SL’) X factor given by (3) with JM replaced by LM,. (8) 
The elements (ySL:Niy'SL’) are given by (5) and (6) with a and J replaced by 7S and L (cf. 11°9, 
p. 70 TAS). From this Eq. (8) we see at once that the selection rules forbidding transitions J= 0-0, 


3}, 01, which are embodied in (3), apply also to L; transitions L=0-0, 0551, i.e., SS and 
are forbidden. 


The SLJM scheme 


The matrix components of YY’ in this scheme should be expressible in terms of the same elements 
as occur on the right of (8). This may be done by using 11°8, p. 69 TAS to express the factors (6) 
in terms of (ySL:Ni7’SL’). This rather tedious calculation was carried out by Rubinowicz; we 
give a typical formula: 


(yS L L—1 J+1) = —(yS LiNiy’S L—1) 
J(J+1)—S(S+1)+(J+LZ)(L+1)]. (9 
(9) 


Sum rules, line and multiple strengths 


From (3) we easily evaluate the sums corresponding to 13*1, TAS, which we need for the line 
strength formulas and the proof of the J-file sum rule: 


(aT \a’ J’ : (a! J’ J" M") = by (aJ:i Nia’ J’) (a! J": Nia” J)H(J,J’), (10) 
M’ 


where H(J,J) =$J(J+1)(2J—1)(2J+3), 
+1)= (J+1)\(J+2)(2I+3), (11) 
H(J,J—2) 


These are not symmetric in J and J’, but become so when multiplied by 2/+1 to accomplish the 
summation over M. This gives the formula for the line strength: 


|(aTM|N'|a’ H(J,J’)|(aJi Nia’ J’)|?. (12) 


M,M’ 


By exact analogy with the simple transformation argument used to obtain the similar dipole sum 
on p. 72 TAS we may write the value of the sum over J’ in the SLJM scheme: 


: (y'SL'J' \y"SL"I"M") 
J'M’ 
= H(L,L’). (13) 


, 
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Since the right member is independent of J and M, dropping the double primes and multiplying 3 


by 2J+1 to accomplish the summation over M gives us the ordinary J sum rule which holds within 
a multiplet. If instead we multiply by (2S+1)(2ZL+1) to sum over J and M, we get the total multj- 


plet strength 
Sq(ySL,7'SL’) = Sa(ySLJ,y'SL'J") = (2S+1)(2L+1) (14) 


The strengths of the individual lines of the multiplet are to be obtained by substituting in (12) 
the formulas of the type (9) to obtain, e.g. 


Sa(yS L J, y'S L—1 J+1) 
8J(J+1)(J+2) 
X|(yS LiNiy’S L—1)|?, (15a) 
or in general 


Sa(ySLJ,y'SL'J’) = (2I+1) H(S,J’) | (ySLIENiy'SL'J") |? = fa(SLI,SL'J’) | (ySLiNiy'SL’)|*. (15b) 
In this notation the value of f4(SLJ,SL'J') is 3g the coefficient of G?, H*, or I? in the table of p. 253, TAS. 


Multiplet strengths in a transition array. Two different configurations. Coupled groups 


We now turn to the question of the relative strengths of the different multiplets in a transition 
array in LS coupling. The transition array must either connect two different configurations, differing 
in regard to the nl value of one electron, or be entirely within the same configuration. For two 
different configurations all the arguments of §3°, p. 244 TAS may be repeated in the quadrupole 
case. If the configurations are expressible in the forms I+II and I+IV, respectively,* we may reduce 
the strengths to those connecting II and IV. The parent term y'S'Z! cannot change. Only the 
part, Jt’!!, of 9’ which refers to the electrons jumping from II to IV enters the consideration. This 
part commutes with L! and from the known properties of the dipole components we see that the 
factor® (y1S'L!, yUSUL", yIVSULIY, SL’) which enters (14) and (15) is independent 
of S and is the same function of L'L™L, LIL'VL’ as (ySLJiNiy'SL'J’) is of SLJ, SL’J’, cf. (9). 
With this knowledge, a comparison of (14) with (15b) gives us the formula 


SL 
= (2S+1) (16) 


That the last factor is independent of y1S'L! is shown by the fact that the matrix components 
IM SULUM SUM 11 ,yVSULYMsU M1), 


which are given by formulas like (3) in terms of the same factors, are independent of y'S'™L! (see 
the discussion in §18 TAS of vector coupling in antisymmetric states). If we sum (16) over all values 
of L and L’ consistent with the given values of L!, L'™, and LY, we obtain, in analogy with (14) 


7 There is one error in this table, in the ninth row, for the entry given explicitly in (15a), the — sign before J(L+1) 
in the bracket should be changed to +. . 

* For example, I+II might be p*- sd, I+1V, p*-d?. The invariant part ~* may be considered as the parent configuration 
to which the groups sd and d* are added. It is necessary that none of the electrons in either II or IV be equivalent to any 


in I. 
* The functional dependence follows clearly from the definition of this factor and the discussion of §11%, p. 67 TAS. The 


argument of TAS (top of p. 70, bottom of p. 237) for the independence of S is, however, not clear. That in this case any 
matrix component of J’ in the SLMsMz scheme, and hence tcf. 8) the factor in question, is independent of S may be 
shown at once by transformation to a scheme pron dee sen numbers S1S1MMs!Ms"1, where the components are 
known to be independent of Ms! and Ms! by a stan theorem (TAS 388, p. 49). 
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and (15), for the total strength of all multiplets of spin S built on S'L' by the addition of S™'Z™ 
and S!L!Y the value 
ySULY,S 

= (2S+1)(2Z'+1)(2Z%+1) H(LULYY) | (17) 


But the last two factors here are those in terms of which the multiplet strengths in the transition 
II-IV are expressed by (14). Hence we may set (17) 


(2S+1)(2L'+1) 


This completes the reduction of the strengths to those of II-IV. In particular it is interesting to 
note that in the case in which I involves only closed shells, so that S'=L'=0, S=S™, L=L", 
L'=L"Y, (17’) reduces to an equation which says that the closed shells do not influence the strengths. 


Addition of an electron to an ion 


For the case in which the jumping electron is not equivalent to any in the ion in either the initial 
or the final configuration, the total strength of a supermultiplet is given by (17) and the strengths 
of the multiplets in a supermultiplet by (16). We let y'S'Z! represent the parent term of the ion, 


-ytLU=nl and y'VL'Y=n'l’, the nl values of the jumping electron in the initial and final states 


(nl#n'l’), and S!!=4. The multiplet strength is 
nl SL,yS'L! SL’) Nin'l’)|?. (18) 


The relative strengths of the multiplets in a supermultiplet are thus the same functions of L'IL, L'I'L’ 
as the relative strengths of the lines in a multiplet are of SLJ, SL'J’. To obtain absolute strengths 
we need to evaluate the last factor of (18), which is just the factor which arises in connection with 
intensities in one-electron spectra. This is easily done by expressing one of the 9 components of 
the dyadic —err in terms of this factor by (8) and then expressing this component as an integral. 
In this way we find 


2e 
Nin’ = 2 dr=s,(n1,n' 1), 
J R(n 1) R(n’ 1) dr=se(n1,n' 1) 
(n Nin’ l—1) =0, (19) 
e 
li? Nin’ l—2)=— 2 Ll) R(n’ l—2) dr=s,(nl1,n' l—2). 
(n li? Nin’ l—2) | r? R(nl) R(n’ l—2) dr=s,(n1,n' l—2) 


The short s,-notation for these components is in practice convenient. 


Two-electron configurations. Transitions involving an electron jump 


If neither initial nor final configuration is composed of equivalent electrons, the multiplet strengths 
are given at once by (18). If the two electrons of one of the configurations are equivalent, Eq. 6°17, 
p. 232 TAS, shows that the strengths of the allowed multiplets have just twice the values given by 
(18). The numerical values for np n'psnp np and np n' pnp? are given in Table II. 


Summary 


For transitions involving an electron jump, the jumping electron not equivalent to any in the ion 
(but see the previous paragraph), the computation of the line strengths in terms of s, (19) involves 
successive application of the following three formulas, which are very convenient as soon as tables 
of F,(SLJ,SL'J’) are available: 
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Line strength in terms of multiplet strength, from (14) and (15) 


Sa(ySLJ,y'SL'J’) = Jaf Sq(ySL,y'SL') = Fa(SLJ,SL'J') Sq(ySL,y'SL'). (20) - 
(2S+1)(2Z+1)H(L,L’) . 
Multiplet strength in terms of supermultiplet strength, from (17) and (18) 
fa(LUL, 
nl n'l’ SL’) = StL! nl S) 
(2Z'+1)(2/+-1) H(/,l’) 
= F,(LUL, LVL’) nl n'l’ S). (21) 
Strength of supermultiplet, from (17) 
Sa(yiS'L! nl S) = (2S+1)(2L'+1)(21+1) (22) 


Spectroscopic stability method. Any transition array 

For any transition array we may obtain the relative strengths of the multiplets by a method, 
based on the principle of spectroscopic stability, similar to that sketched in §4°, p. 249 TAS. This 
method, while quick and convenient, has the disadvantage of giving only the amplitudes and not 
the phases in the matrix of Jt’. Hence it is of no value for departures from LS coupling. For this 
reason we do not give detailed formulas. Roughly, in this method, one first computes the absolute 
squares of all matrix components of Jt’ in the nl m,m, orbital scheme in terms of the s,’s, making 
use of (8) for the one-electron components. Then the quantities |(ySLMsM1|N'|y'S’L’Ms'Mz')|? 
are expressed in terms of |(ySL:Niy'S’L’)|? by (8). Applying the principle of spectroscopic stability 
to each MsM, partition then gives equations to determine |(ySLiN?y’S’L’)|*, and hence from (14) 
the multiplet strengths, in terms of the s,’s. 


Eigenfunction method. Any transition array 

This method is the only one available in cases not falling in the categories covered by the matrix 
methods when it is desired to relate the phases of the strengths (see definition later) to those of the 
eigenfunctions. It requires writing just one eigenfunction in the SLMsMy,z scheme for each term 
of the initial and final configuration. From these eigenfunctions we may calculate one component 
of 9’ in the SLMsM,z scheme for each multiplet, employing the standard techniques for reducing 
the matrix components of an observable of this type to one-electron components and evaluating 
these from (8) in terms of s,. This same matrix component is, on the other hand, directly expressible 
by (8) in terms of (ySL:Niy'SL’). This enables us to obtain this last quantity in terms of the s,'s 
with proper phase for the particular choice of eigenfunctions. The multiplet strengths and line 
strengths are then obtained from this by (14) and (20). 

The methods of the previous two paragraphs are applicable in cases of transition between two 
terms of the same configuration as well as in cases in which an electron jumps. Before considering 
matrix methods available for such cases, it will be desirable to consider the transformation to inter- 


mediate coupling. 
Intermediate coupling. Computation of line strengths 

In any coupling, the strength of a line aJ, a’J’ is given in terms of (aJ:Nia’J’) by (12). The 
transformation properties of (aJ:. Nia’ J’) are known from (7). If we introduce a quantity S,}(aJ,a'J’) 
defined as the square root of the line strength taken with the sign of the mairix component (aJ: Nia’ J’), 
we obtain the transformation formula 


Sqi(BS,8' J’) = (BJ\aJ) J’). (23) 
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This enables us, in particular, to obtain the line strengths in intermediate coupling in terms of 
those in LS coupling if the intermediate-coupling eigenfunctions are known in terms of the LS- 
coupling functions and the values of S,! are known for the same Russell-Saunders functions with 
the same phases. 

For the matrix computation summarized above, the phases of S,}(ySLJ, y'SL'J’) are given, 
in terms of the standard system of eigenfunction phases employed in TAS, by (20), (21), (22) if in 
taking the roots we use for the phases of f,! or of F,! those in the table of p. 253 of TAS. These 
phases are those in the column marked ‘‘Sign” multiplied by the sign of the quantity in the bracket 
which occurs squared in some of the elements. 


Intermediate coupling. Sum rules 

The J-group sum rule of course holds because of the principle of spectroscopic stability. This 
sum rule says that the sum of the strengths of the lines connecting all the levels of a given J in the 
initial configuration with all the levels of a given J’ in the final configuration is independent of 
coupling. For the case in which the initial and final configuration are identical, it is clear that in 
those groups with J=J’ we must include the strengths of the ‘“‘lines’’ connecting a level with itself 
and must double the strength of all other lines. 

In case the initial and final configuration are different, the J-file sum rule obtains. A J file is the 
set of all lines connecting a single given level of one configuration with all levels of the other con- 
figuration. The sum rule states that for any coupling, the strengths of the J files referring to the levels 
of the initial (final) configuration are proportional to 2J+1 provided that the jumping electron is not 
equivalent to any other in the final (initial) configuration. The proof parallels exactly that for the dipole 
case on pp. 279-281 of TAS since the sum relations (10) and (13) are similar to the corresponding 
dipole sums. In particular, if the ml electron which jumps is equivalent to k—1 other nl electrons 
in the configuration to which the J files refer, and jumps to an n’I’ orbit, the invariant strengths 
of the J files are 
k (2J+1) s,2(nl, n'l’). (24) 


Matrix calculation for transitions between states of the same configuration (no-electron jumps) 
For a configuration I+ II consisting of inequivalent coupled groups, the strengths may be reduced 
to those within configuration I and II separately by methods similar to those used for the spin- 
orbit interaction in §1" p. 266 TAS. The procedure will be clear from the discussion of the important 
two-electron case, to which we proceed at once. 
In the case of transition nl n'l’—nl n'l’ the roots of the multiplet strengths are (cf. 14) 


Sqi(nl n'l’ SL, ni n'V SL')=[(2S+1)(2L+1) H(L,L’)}! (nl n'l’ LiNinin'l’ L’), 


the last factor being independent of S because Jt’ commutes with the spins of both electrons. The 
arguments of pp. 216, 232 TAS show that the last factor may be evaluated by ordinary vector- 
coupling methods, writing N=Ni+Ns2, giving the first electron the quantum numbers nl, the 
second the quantum numbers n’l’, and ignoring considerations of antisymmetry. This is true whether 
or not nl and n'l’ are equivalent. 

The part (nl n'l’ L: Neinl n'l’ L’) of this factor is the same function of ll’L, ll'L’ as (ySLJ: Niy'SLJ') 
is of SLJ, SLJ’. Hence its contribution to is, cf. (15b), (2S+1)! W/L’) 
The factor (nl n’l’ L:?N,inl n'l’ L’) is the same function of I/IL, l'IL’ as (ySLJ:Niy'SLJ’) is of SLJ, 
SLJ', except for phase. The reversal of the rdles of the added vectors makes a phase change of 
(—1) = (—1) 444’ (cf. 14°7, p. 78 TAS). In this way we find for the total root multiplet 
strength 


n'l’ SL,nl n'l’ SL’) =(2S+1)*C LWL’) sq(n'l sq(nl,nl)], (26) 


in terms of which the root line strength with the standard phase choice is given by (20). 
In this case the J-file sum rule does not hold unless either s,(ml,nl) or sq(n'l’,n'l’) vanishes. 
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TaBLe I, Fy(SLJ, SL'J’), which gives TABLE II. Line strengths in quadrupole transition arrays. 
the relative strengths of the lines ina (The sign of Shaq ts indicated.) The array labeled np n'p 
—* multiplet, and the relative &snp n'’p ts applicable to arrays of the following four 
strengths of the multiplets in a super- types, according to the choice of a and B: 
multiplet. The sign of is indicated. np n'p=snp n” 

a=B=5_%(n'p, 


mp) for allowed lines 
00% 


a=4s,*(np, np) for allowed lines. 


In these cases the f,’s occurring in (26) are 30, $2400 4056 
given by the entries of Table I for *P—*P and owe 


write Sq for and s,’ for sq(n'p,n'p), 


(Sq +5q)*=a, (Sq’—Sq)?=8, we find for the mul- np*—>np* 

tiplet strengths of np n’p—np n'p: 
Sq(*S,"D) = (+)? 54(Sq’+5q)?= (+)? 36a, 0% alae 
= (—)* 4°97 0 *Dy|0'6 6:0 O| 
Sq(4P,3D) = (—)? 184(5q’ —sq)?=(—)? 1548, 'p, 0 0 “Dy, 0 


Sq(*D,'D) = (+)? 954 2(Sq’+5q)? = (+)? (27) 
=S,(*S,°P) 0, 


Sq@S,2D) = (+)? 5(sq’+5q)?= (+)? Sa, The strengths of the multiplets actually occur- 


Sq@P2P) = (—)? 194(Sq' +5q)?=(—)? 
Sa@P,*D) = (—)? 434(sq’—Sq)? = (—)? 4948, 
Sq(*D,*D) = (+)? 994 (Sq’ +5q)?= (+)? 


ring in np*—>np’ are given by these same formulas 
with ; a=4 s.°(np,np). 
From (27), (20), and Table I we immediately 


obtain the line strengths given in Table II. The 
strengths of the lines connecting a level to itself are of course of no interest in pure LS coupling, 
but play an important réle in Eq. (23) in transformations to intermediate coupling. 


Transition array np*—np* 


This transition cannot be handled by these matrix methods. The multiplet strengths are found 
very simply, however, by the eigenfunction method given above, using the eigenfunctions of 4°6j, 
p. 224 TAS. It turns out that there is only one nonvanishing multiplet,’° namely ?P-D, for which 
= and S,(?P,?D)=(—)? 30s,°(np,np). This, with the of 
Table I, gives the line strengths of Table IT. 


10 That the strengths of the “diagonal” multiplets of p* vanish is analogous to the vanishing of the Landé intervals, 
and follows from the almost-closed-shell considerations given below in the following way : When we consider ’ as starting 
to fill the shell we denote it by 2; when we consider it as three electrons missing from a closed shell we denote it by R. 
The considerations of almost-closed shells shows that = —(R*P: N:R?P); = — N:F*D). 
Now from the way the correlation of the states of and ® are made, it is not necessary that @P and R*P, &*D and 
RD be identical; but because they really represent the same physical state we must have @P=+R?P (in our case 
actually —), 22D = +D (actually +). From this it follows at once that the above diagonal elements vanish. Such general 
arguments give no information about the value of the nondiagonal element (%*P: N:£*D), which equals —(R*P:N:®*D). 
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Transition arrays involving almost-closed shells. The array np‘—np* 


When we investigate the relation between transition arrays involving almost-closed shells and 
the corresponding simpler arrays, we find just as in the dipole case (p. 316 TAS) that if the transition 
is between two different configurations containing the same almost-closed shell the strengths are 
the same as for the simpler array in which the almost-closed shell is replaced by the missing electrons. 
But for quadrupole radiation we have another case to consider, the case of no-electron jumps. Here 
we find, by an examination of the corresponding matrix components in the m,m,-orbital scheme 
that the strengths are the same for a pure almost-closed shell array (such as p*—>p*) and for the comple- 
mentary array (such as p*—+p*). The matrix components of J’ and hence the phases of S,* are of 
opposite sign in the two cases. Hence the strengths are not the same in an array such as p‘d—p‘d 
and in the corresponding array p*d—>p*d. Rather, the one set of strengths will be obtained from the 
other by reversing the sign of s,(,p). This is analogous to the rule which holds for spin-orbit 
interaction. 


jj coupling 
It is clear from the similarity of the above formulation to that for the dipole case that the methods 
used in the latter to obtain strengths in jj coupling (see TAS p. 264) are directly available here. 


II. MAGNETIC-DIPOLE RADIATION 
The strength S,,(aJ, a’J’) of a magnetic-dipole line, in terms of which the probability of spon- 
taneous transition from the upper level aJ to the lower level a’J’ has the value 


An(aJ, a’ J’) Sm(aJ, a’ J’) (28) 
m(aJ, a’ J") = m(aJ, a J’), 
2J+1 3h 


is defined by 


e 
Sm(aJ, oJ’) = aJ)= where M= (29) 
M,M’ 


In LS coupling, magnetic-dipole transitions occur only between two levels of the same term. It does 
not seem to have been generally realized" that simple closed formulas can be obtained™ for these 
strengths in LS coupling, and that these strengths can be used in transformations to intermediate 
coupling. By the same procedure as in the electric-dipole case (p. 99 TAS) we can write 


Sm(aJ, a’ J’) =(2I+1) E(J,J’)|(aJi Mia’ J’)|?. (30) 


The last factor can be evaluated from 10*2 pp. 64, 66 TAS to give 


"For example, by Condon, reference 4. 

_'* These formulas, at least for the nondiagonal elements, are given by Brinkman, reference 3. They are of considerable 
direct interest in connection with the excitation of the ground term in rarefied atmospheres. For example, Dunham, 
Nature 139, 246 (1937), found four interstellar absorption lines from the lowest level *F,;2 of Ti II and none from the 
next level ‘Fs: in spite of its low excitation potential of only 0.012 volt. The reason for the absence of absorption by 
‘Fys is its short mean life for magnetic-dipole radiation of 7.6 hours, as determined from (28) and (31), whereas collisions 
occur much less frequently. This mean life was computed by Houston from Brinkman’s formula and reported by Dunham, 
but with a numerical error of a factor of 10°, as Houston has kindly verified. 


| 
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4(J-+1) \ Que 


Sm(SL J,SL J+1)=[+]? 


(31) 


where g is the Landé factor for the Zeeman effect. If we define S,,3(aJ, a’ J’) as the root of S,, taken 
with the sign of (aJ:Mia’J’) when measured in units (—eh/2yuc), the transformation of coupling is 
effected exactly as in (23). In LS coupling, the sign of S,,' is the sign of the quantity in square 
brackets in (31), which is + except in rare instances. 

The magnetic-dipole strengths do not satisfy the ordinary J sum rule within a multiplet. Instead, 
one obtains the formula 


Sa(SLJ, SLJ') =(2I(J+1)+2S(S+1) —L(L+1) ](2J+1). (32) 


In intermediate coupling, only the J-group sum rule is obeyed. 

It is interesting to note that while one easily obtains the simple closed formulas (31) for the 
magnetic-dipole strengths in LS coupling, the strengths in jj coupling are relatively difficult to 
obtain; for many configurations the last factor of (30) cannot be evaluated by matrix methods 
and recourse must be had to the eigenfunctions or to transformation from BS coupling. 
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Absolute Measurements in the Pressure Range up to 30,000 kg/cm? 


P. W. BripGMAN 
Harvard University, Cambridge, Massachusetts 


(Received November 20, 1939) 


HE first task for any program of accurate 

measurements in a new pressure range is 
the establishment of various landmarks. The 
most important of these are pressure fixed points, 
similar to the familiar fixed points of ther- 
mometry, for the reproduction and measurement 
of pressure. After the pressure scale is established 
perhaps the most fundamental sort of measure- 
ment that can be attempted is of compressi- 
bility. The most convenient method is a differ- 
ential method, which assumes as known the 
absolute compressibility of a substance of 
reference. The establishment of one absolute 
compressibility is therefore the next task after 
the establishment of the pressure scale. In this 
paper I briefly summarize the results of recent 
measurements of these two kinds; full details 
are in course of publication elsewhere. 

In my previous measurements! of various 
pressure effects up to 12,000 kg/cm? the working 
pressure gauge was a coil of manganin wire. 
A preliminary investigation with an absolute 
pressure gauge of the free-piston type had shown 
that the change of electrical resistance of 
manganin is nearly linear with pressure in that 
range, so that the manganin gauge could be 
calibrated by the determination with it of a 
single pressure at some pressure fixed point. 
For this pressure fixed point the freezing pressure 
of mercury at 0°C was chosen. This was measured 
in the first place with the absolute gauge and 
taken in all my work to be 7640 kg/cm’. In 
extending the pressure range by a factor of 2.5 
the first question to be answered is whether the 
manganin gauge continues linear. I have already 
made a preliminary investigation of this point,? 
and had come to the conclusion, from a com- 
parison of the way in which the resistances of 
various metals extrapolate together and from 
rough measurements of pressure in terms of the 
force on the piston, that the manganin gauge is 
not probably in error by more than one or two 

'P. W. Bridgman, The Physics o h (Bell 


and Sons, London, and Macmillan, k, 1931). 
Bridgman, Proc. Am. Acad. “Sci. 72 157 (3938), 


percent at 25,000 kg/cm?. It appeared therefore 
that in extending the accurate calibration a 
single new fixed point near the end of the range 
would be adequate. Of the phenomena which 
might be used to determine such a fixed point 
it appeared that a phase change, as had been 
employed before, was by far the most convenient. 
Transition measurements in the pressure range 
up to 50,000 of some 60 substances afforded 
extensive material for selection.* Of all these 
substances bismuth is by far the most suitable. 
The transition between modifications I and II 
of bismuth occurs at about 25,000 kg/cm? at 
room temperature, it has a conveniently large 
volume change, about 4.5 percent, it runs fairly 
rapidly with little excess pressure in either 
direction to start the transition and with very 
narrow region of indifference, and the tempera- 
ture dependence is so slight that thermostatic 
temperature control is not necessary. 

The exact transition pressure must be estab- 
lished by some sort of absolute procedure. An 
absolute gauge of the free-piston type operating 
with a liquid is probably not feasible, for I 
believe that difficulties set by leak and viscosity 
in the liquid will prevent the use of this type of 
gauge to pressures much exceeding my previous 
maximum of 13,000 kg/cm*. But some sort of 
measurement of pressure in terms of the force 
exerted on a piston probably remains the 
simplest. This can be done by directly com- 
pressing the bismuth undergoing transition with 
a piston, measuring the force on the piston, and 
determining when the transition occurs by the 
discontinuous change of volume. The errors in 
this procedure arise from friction and distortion 
of the vessel under pressure. Friction is mini- 
mized by using the minimum amount of packing, 
making the ratio of area to thickness of the 
bismuth as large as possible so as to minimize 
the piston motion during transition, and making 
readings with increasing and decreasing pressure. 


*P. W. Bridgman, Proc. Am, Acad. Sci. 72, 46, 227 
(1937-38). 
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With proper precautions the mean of increasing 
and decreasing pressure is surprisingly constant, 
and the total difference between increasing and 
decreasing pressure may under favorable con- 
ditions be as little as 3 percent, meaning an 
absolute friction of not more than 1.5 percent 
and an error of the mean of much less. Correction 
for distortion of the pressure vessel is less than 
it otherwise would be because of the external 
support which is necessary in order to withstand 
rupture. The distortion of the cross section was 
only 0.5 percent at 25,000; this figure was 
checked in two ways. An approximate calculation 
by ordinary elasticity theory gave about this 
value, and a more rigorous evaluation of this 
correction was made with an independent piece 
of apparatus with which the distortion was 
measured with a sliding contact arrangement 
mounted within the cylinder, which was filled 
with an insulating liquid. 

The final values found for the pressure ined 


points were: 


At 30°, 25,420 kg/cm?. 
At 75°, 23,350 kg/cm. 


The manganin gauge may now be calibrated 
against the previous mercury fixed point at 
7640 and the new bismuth point, and the change 
of resistance expressed by a quadratic formula in 
the pressure. As previously surmised, the relation 
is very nearly linear. Pressures at 30,000 obtained 
by linear extrapolation from the mercury point 
are in error by only about one percent, and in an 
unexpected direction, the linearly extrapolated 
pressure being too low. This means that the 
pressure coefficient of manganin decreases with 
increasing pressure; in almost all other cases the 
coefficient increases. Different manganin gauges, 
even those cut from the same spool of wire, have 
slight differences in the second-degree term, so 
that every coil must be calibrated at two points 
for the most accurate results. 

With the manganin gauge calibrated in this 
way, the freezing pressure of mercury at 30° 
was found in two determinations to be 13,700 
and 13,730 kg/cm?. The mean of these, 13,715 
may be taken as a new fixed point, the freezing 
pressure of mercury at 30.0°C. Calibration with 
this instead of the former fixed point at 0° is 


somewhat more convenient because by putting 
suitable amounts of both bismuth and mercury 
in the apparatus the calibration may be made 
with a single set-up. It is also an advantage to 
have a point at approximately the middle of 
the pressure range. 

The pressure scale having been established, 
the absolute compressibility of some one sub- 
stance may next be determined. As in my 
previous work, the substance chosen was pure 
iron. The method demands a measurement of 
the relative.change of length of an iron rod with 
respect to the pressure vessel by a sliding elec. 
trical contact device, plus a measurement of the 
distortion of the vessel. The latter was accom- 
plished by using two probe rods reaching to 
nearly the interior wall of the pressure vessel 
through small drilled holes. The accuracy with 
which the second-degree term in the compressi- 
bility is determinable varies, other things being 
equal, as the square of the pressure range. The 
new determinations should therefore give this 
term more than six times as accurately as 
before. Part of this advantage is sacrificed, 
however, by the necessity for using a shorter 
specimen because of the more serious restrictions 
on the dimensions of the vessel. The effect to 
be measured is small, the maximum relative 
displacement being 0.05 cm. In spite of every 
effort, I did not succeed in eliminating capricious 
irregularities in the results, so that the only 
course was the accumulation of many observa- 
tions and least-squares reduction of the results. 
Twenty-five different set-ups of the apparatus 
were made and some 400 individual observations, 
uniformly spaced over the entire pressure range, 
both with increasing and decreasing pressure. 
The new final result for the Jinear compressibility 
of pure iron at 24°C is: 


—Al/Iy= 1.942 X 10-"p — 0.23 X 10-"p?, 


pressure in kg/cm’. 

The apparatus was not well adapted to a 
determination of the temperature coefficient. In 
the absence of new measurements, the best that 
can be done is to use my previous temperature 
coefficient. This would give for the linear com- 
pressibility at 75°C: 


—Al/lg= 1.964 X 10-"p —0.23 
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The new second-degree term is smaller by a 
factor 3.3 than the former one (23 against 75). 
This is the direction of change which several 
theoretical physicists have pointed out was 
probable. I can see no possibility, however, of 
reconciling with the present experimental data 
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reduction by a factor as large as 10 or even 100, 
as has been suggested. 

This work is indebted for financial support to 
the Francis Barrett Daniels Fund of Harvard 
University and to the Rumford Fund of the 
American Academy of Arts and Sciences. 


FEBRUARY 1, 1940 


PHYSICAL REVIEW 


VOLUME 57 


Compressions to 50,000 kg/cm’ 


P. W. BripGMAN 
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(Received November 20, 1939) 


HE object of. this note is to present a com- 
pact summary of the numerical results 
obtained in series of measurements with new 
apparatus of the volume decrements of about 40 
binary cubic compounds together with a few of 
the more compressible elements up to pressures 
of 50,000 kg/cm?. The detailed paper, to be 
published presently in the Proceedings of the 
American Academy of Arts and Sciences, will 
contain, in addition to the material to be ex- 
pected in such a paper, such as a description of 
the apparatus and discussion of the methods of 
calculation and the probable errors, a tabulation 
of the compressions at pressure intervals of 5000 
instead of 10,000 kg/cm?, and at approximately 
—80°C in addition to room temperature. 

The novel feature of the new apparatus is the 
more effective external support afforded the 
pressure vessel, there being now two stages of 
support instead of one as formerly.' This ma- 
terially increases the life of the vessels, permits 
the attainment of somewhat higher pressures, 
and decreases the distortion of the vessel and 
the error from uncertainty in the distortion. 

All results are the mean of two or more inde- 
pendent measurements, which usually did not 
differ by more than 5 percent. One more sig- 
nificant figure is given in Table I than would be 


*P. W. Bridgman, Proc. Am. Acad. Sci. 72, 207 (1938). 


justified by the absolute accuracy; the retention 
of another figure is demanded if the differences 
are to be smooth. The method is such that the 
accuracy is less at the ends of the range; the 
relative values are probably most accurate in 
the range from 10,000 to 40,000. The probable 
error varies with the material. The nine com- 
pounds of calcium, strontium and barium are 
probably the least satisfactory. The compressi- 
bility of the sulfides of these is probably too high 
because of presence of a comparatively large 
amount of amorphous material, and the selenides 
and tellurides had a tendency to chemical 
instability. 

The figures given in the table are in cm* for a 
specified number of grams, and are ostensibly 
fractional changes of the volume at atmospheric 
pressure and room temperature. The volume 
decrements listed are for room temperature, 
which may be taken as 23°. The actual measure- 
ments were of volume decrements in cm* of a 
known number of grams. To get the fractional 
volume changes the observed changes must be 
multiplied by a factor depending on the atmos- 
pheric density. The number of grams listed with 
each substance is the assumed atmospheric 
density, in most cases the x-ray density as given 
in Wyckoff. If better densities are later deter- 
mined, the figures of Table I may be corrected 
by simple factors. 
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A number of new polymorphic transitions were 
found. Among the compounds, the order of 
stability seems to be: ZnS structure, NaCl 
structure, and CsCl structure. That is, a com- 
pound of ZnS structure may be forced by 
pressure into the NaCl structure, and a NaCl 
structure into the CsCl structure. No poly- 
morphic transitions have been found among the 
CsCl structures. All of the compounds given 
above are cubic except HgS, for which the figures 
refer to the red hexagonal modification. Measure- 
ments were attempted on the black cubic modifi- 
cation of HgS, but were found to be impossible 
over any extended range because the black 
modification is irreversibly transformed by pres- 
sure into the red. The compressibility of red HgS 
is about twice as great as that of the black in 
spite of its smaller volume. Measurements not 
given in the table were also attempted on HgTe. 
This is formed from the elements with increase 


of volume, and it was found to be unstable under 
pressure, slowly decomposing to the elements. 
Although no good measurements could be made 
of compression because of the decomposition, 
nevertheless the decomposition was slow enough 
to permit an approximate measurement of aq 


‘ transition at 12,800 kg/cm? with an 8.4 percent 


change of volume. 

In general, the curves of compression against 
pressure are strongly concave toward the pres- 
sure axis. The fractional decrease of compressi- 
bility with pressure is as a rule greater for those 
substances with an absolutely large compressi- 
bility, but this is by no means universal, and 
there are a number of cases of crossing of the 
curves. In particular the rapid decrease of com- 
pressibility of sulfur and selenium is to be noted. 
The curve of the compressibility of selenium 
against pressure has a sharp break in direction 
near 34,000 kg/cm?, that is, a discontinuity in 


TABLE J. Volume decrements of various binary cubic compounds and of a few of the more compressible elements. The numbers 
are in cm* for the specified number of grams. 


Projet | 21656 32086 3.067G 1988G 40916 
10,000 | 0.0365 0.0430 0.0553 0.0478 0.0547 0.0648 0.1882 0.1879 0.1918 0.0479 0.0837 
20,000 | 0.0664 0.0771 0.0974 0.0841 0.1989 0.1970 0.2184 0.2207 0.2315 0.0850 0.0949 
30,000 | 0.0919 0.1047 0.1294 0.2225 0.2267 0.2296 0.2422 0.2462 0.2609 0.1146 0.1274 
40,000 | 0.1130 0.1274 0.1538 0.2419 0.2479 0.2532 0.2612 0.2670 0.2831 «(0.1387 (0.1532 
50,000 | 0.1309 0.1464 0.1728 0.2579 0.2650 0.2715 0.2768 0.2848 0.3009 0.1596 0.1748 
10,000 | 0.0647 0.0489 0.0487 0.0590 0.0216 0.0215 0.1896 0.0383 0.0426 0.0510 0.0240 
20,000 | 0.1120 0.0818 0.0880 0.1019 0.0401 0.0404 0.2095 0.0688 0.0763 0.0891 0.0421 
30,000 | 0.1485 0.1070 0.1203 0.1332 0.0562 0.0584 0.2257 0.0936 0.1026 0.1173 0.0855 
40,000 | 0.1781 0.1278 0.1465 0.1570 0.0704 0.0743 0.2396 0.1139 0.1224 0.1387 0.0658 
50,000 | 0.2025 0.1462 0.1676 0.1775 0.0838 0.0890 0.2525 0.1313 0.1377 0.1554 0.0740 


¢ Traniition at 20,060 kg/cm*. Compressions at transition 0.0847 and 0.1980. 
* Transition at 18,430 kg/cm*. Compressions at transition 0.0886 and 0.1938. 
¢ Transition at 18,200 kg/cm*. Compressions at transition 0.1049 and 0.1899. 


Transition at 5000 kg/cm’. 


Compressions at transition 0.0295 and 0.1701. 


¢ Transition at 4600 kg/cm’. Compressions at transition 0.0330 and 0.1655. 
‘Transition at 4050 ——_ Compressions at transition 0.0349 and 0.1614. 


¢ Transition at 3020 
* The figures for NHsI ware to atmospheric pressure 


Volume decrement at transition 0.1630. 
through the large transition that occurs at 500 kg/cm?. 
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KG 3837'c 3.938 G 4380" G $256c 4250 G 
10,000 0.0190 0.0210 0.0309 ‘0.0213 0.0269 _ 0.0251 0.0251 0.0293 0.0200 0.0289 0.0255 
20,000 0.0345 0.0377 0.0516 0.0380 0.0490 0.0450 0.0449 0.0531 0.0383 0.0523 0.0469 
30,000 0.0482 0.0519 0.0658 0.0525 0.0675 0.0612 0.0610 0.0730 0.0752 0.0711 0.0650 
40,000 0.0605 0.0650 0.0754 0.0653 0.0833 0.0747 0.0745 0.0898 0.0885 0.0855 0.0802 
50,000 0.07 18 0.0773 0.0830 0.0775 0.0971 0.0861 0.0882 0.1049 0.0988 0.1183 0.0998 
KG/CM? 4.100 8.100, G 2.070 G G 6.316 G 13: 6.684 G 9.80 G 

10,000 0.0123 0.0224 0.0226 0.0427 0.1152 0.0833 0.0893 0.0458 0.0224 0.0249 0.0278 
20,000 0.0231 0.0392 0.0413 0.0682 0.1378 0.1316 0.1490 0.0774 0.0425 0.0465 0. 0524 
30,000 0.0328 0.0506 0.0581 0.0854 0.1555 0.1620 0.1865 0.1018 0.0600 0.0659 0. 1565 
40,000 0.0414 0.0617 0.0740 0.0980 0.1692 0.1817 0.2 81 0.1225 0.0749 0.0829 0.1661 
50,000 0.0495 0.0693 0.0931 0.1085 0.1804 0.1961 0.2265 0.1907 0.0870 0.0986 0.1759 


«Transition at 50,000 kg/: 


cm*. Volume decrement at transition 0.0100 +. 


+ Transition at 24,680 kg/cm*. Compressions at transition 0.0464 and 0.0663. 
¢ Transition at 43,320 kg/cm*. Compressions at transition 0.0903 and 0.1067. 
¢ Transition at 41,200 kg/cm*. Compressions at transition 0.0818 and 0.0912. 
¢Transition at 38,470 kg/cm*. Compressions at transition 0.0568 and 0.0607. 
/ Transition at 41,270 kg/cm*. Compressions at transition 0.0763 and 0.0812. 
¢Transition at 7650 kg/cm*. Compressions at transition 0.0130 and 0.1090. 
4 Transition at 40,130 kg/cm*. qumneoeatens at transition 0.1227 and 0.1724. 
4 Transition at 27, "570 kg/cm*. Compressions at transition 0.0692 and 0.1538. (These figures are smoothed figures for direct passage from I 
to i. There is an intermediate form II, stable over a narrow range.) 
i Transition at 40,740 kg/cm?. Compressions at transition 0.1676 1676 and 0.1700. 


(#v/dp*),. This is to be described formally as a 
“transition of the third kind.” 


the Francis Barrett Daniels Fund of Harvard 
University and to the Rumford Fund of the 
This work is indebted for financial support to American Academy of Arts and Sciences. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of 
the late closing dates for the section no proof can be shown to authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


The Outer, Initial Permeability of Nickel from 10 
to 70 Megacycles 


High frequency currents may be measured with accuracy 
by passing them through a fine straight filament sealed in a 
vacuum and observing the luminosity of the filament by 
means of an optical pyrometer. Calibration with direct 
current may be made, provided the wire is fine enough that 
the square root of the ratio of its high frequency to its d.c. 
resistance is not greater than the desired accuracy. 

By means of a Fleming differential calorimeter, the rate 
of heat production in a sample of wire heated by high 
frequency current J may be balanced against that produced 
by direct current in a similar sample. Then, the skin effect 
coefficient, S=R/Ro=(Io/I)*, may be calculated and used 
in the skin effect equation, u,=S*p/x*a*f, to compute the 
“outer” permeability yu, of the wire sample at very 
high frequencies. The resistivity is p, while f is the fre- 
quency, and a is the radius of the wire. 

Experimental values of S for a nonmagnetic sample 
(copper) were found to agree very well with the theoretical 
values from 10 to 70 megacycles per second. Values of u, 
for a No. 18 nickel wire were then determined over the 
same frequency range. As shown in Table I they decrease 
with increasing frequency. 

TABLE I. Values of the outer permeability u, at various frequencies. 


f, Me 9.59 
13.3 


10.1 6 
Mp 13.8 13.3 14.2 al 10.2 
f, Mc 27.7 31.6 40.0 46.2 53.6 69.8 
Mp 11.4 9.7 8.8 9.0 7.9 5.9 
J. Barton HoaG 
J. L. GLatHart 
n Physical Laboratory, 
University of Chicago, 


Chicago, Illinois, 
January 8, 1940. 


Erratum: The Radioactivity of Mn** 
(Phys. Rev. 56, 1168 (1939)) 


The energy groups referred to in the second sentence of 
the letter were actually plotted as momentum groups. 
All through the letter mc* should read mc. 

R. H. Bacon 
E. N. Gris—Ewoop 
C. W. VAN DER MERWE 
of Physics, 
ew York University, 
Washington Square College, 


New York, New York, 
January 6, 1940. 


The Use of Radioactive Isotopes of the Common 
Elements in Physiology 


In these columns! doubt was expressed recently as to the 
validity of conclusions drawn from the use of radioactive 
isotopes in physiology on the ground of the destructive 
effect of the radiation emitted by these isotopes. There was 
especial objection raised to the conclusion arrived at from 
work with radioactive sodium,” that sodium ions penetrate 
through the red cell membrane, since the radiation emitted 
by radio-sodium might denature the proteins. This objec- 
tion seems, however, not to be justified if the use of prepa- 
rations of high activity is avoided. This is best shown by 
the fact that the investigation of the permeability of red 
cells to potassium ions? leads to the result that the bulk of 
the potassium ions present in the corpuscles does not 
exchange with those present in the plasma. The radiation 
emitted by K® in the last-mentioned experiments had about 
the same intensity and the same hardness as that emitted 
in the corresponding experiments with Na™. If the effect 
of the radiation on the cell wall would suffice to make the 
latter permeable to ions, it would be difficult to explain 
why potassium does not escape from the corpuscles in 
contrast to sodium. Furthermore, we have to envisage that 
the animal body contains quite an appreciable amount of 
“natural” potassium which emits 8-radiation of hardness 
similar to many of the artificially produced radioelements. 
If we stress the importance of the noxious effect of the 
radiation emitted by the radioactive indicator, we arrive 
at the result that every organism, owing to the presence 
of potassium, is always under the influence of such an 
effect; in point of fact research carried out by using activi- 
ties of K® of the same order of magnitude as that of the 
potassium normally present in the animal leads to the same 
result as that in which many times that amount was used. 
It is important, when discussing the possible disturbing 
effect of the radiation, to envisage that the method of 
radioactive indicators is not based on atoms disintegrating 
and thus emitting radiation in the animal, but on the 
faculty of some of the atoms of the indicator extracted from 
the tissues, for example, to emit radiation when placed un- 
der the Geiger counter or another measuring instrument. 
When a Na* atom happens to disintegrate inside the body, 
it is transformed into a magnesium atom and can, there- 
fore, no longer be used as an indicator of sodium metabo- 
lism. The number of Na™ atoms disintegrating inside the 
body must, of course, be kept so low that they cannot pro- 
duce a noxious action on the tissues. In some of our experi- 
ments on the permeability of the corpuscles to sodium the 
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circulation contained 10* Na™ atoms; thus, the number 
of radio-sodium atoms was only 1/1000 of that of the 
corpuscles of the rabbit and less than 1/10 of these atoms 
disintegrated in the circulation during the experiment. 

Isotopes, radioactive and nonradioactive ones as well, 
are not strictly chemically identical and this may become 
a source of error in certain cases; furthermore, the problem 
of the permeability of the corpuscles to sodium is not yet 
finally settled for reasons the discussion of which would 
lead too far. The objection raised against the use of radio- 
active indicators in elucidating the above problem based 
on the possible effect of the radiation on the red cell walls 
seems to us, however, not to be justified. 


G. HEvesy 
Institute of Lig Physics, 
nmark, 
“3 14, 1939. 
1A, Barnett, Phys. per. 56, 963 ogy 
4, ar and E. T. Cohn, Proc. Soc . Exp. Biol. and Med. 45, 


1939 
kn, G. Hevesy and O. Rebbe, Biochem. J. 23, 1549 (1939). 


Energy and Half-Life of Be’ 


Recent precision determinations! of the maximum energy 
of the charged particles emitted in light nuclear reactions 
have led to the values 9.01474 and 10.01579 for the masses 
of Be® and B"®, respectively. On bombarding beryllium 
with 3.1-Mev deuterons a yield of protons of range 52.6 cm 
was found corresponding to an energy change of 4.52 Mev 
in the reaction 

Be®+ D—Be”+H. 
This is in good agreement with Oliphant, Kempton and 
Rutherford? who found the value 4.59 Mev. The deduced 
mass for Be’® is 10.0165+0.0001. The energy difference 
between Be" and B"® is therefore approximately 0.67 Mev. 

The electrons from Be'® were discovered by McMillan® 
who states in a brief report that their upper limit is about 
0.3 Mev and half-life greater than 10 years. A beryllium 
probe which had been bombarded by deuterons for ap- 
proximately 60 microampere hours after three weeks’ aging 
showed a definite activity whose absorption curve indi- 
cates a range of 0.25+0.03 g/cm? in aluminum which, by 
Feather’s empirical formula corresponds to 0.75 +0.07 Mev 
for the upper limit, which agrees reasonably well with the 
masses given above. The half-life can be estimated roughly 
from the yield: It was found that 4X 10* protons per micro- 
ampere per minute were evolved in all directions so that 
the sample of Be! contained 1.4 X10" radioactive atoms, 
The total number of electrons evolved is estimated to be 
8 per second from which the decay constant can be deduced 
to be 5.7 10-"* sec. giving a half-life of 380 years. 

I wish to thank Dr. Gordon Brubaker for the amplifier 
used for detection and Mr. W. L. Davidson, Jr., for help 
in running the cyclotron. 

ERNEST POLLARD 


Sloane Physics Laboratory, 
Yale University, “A 
New Haven, 
January 2 
1S. K. Allison, E. R. Gra Laster ond 
Pipe, Sev, 55, ~-4 1939); S. Allison, Phys. Rev. 55, 624 139). 
L. Oli . Kempton and Rutherford, Proc. Roy. 150, 
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McMillan, Rev. 49, 875 (1936). 
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On Bose-Einstein Fluids 


It has been suggested by London! that the two liquid 
modifications of helium, below and above its transition 
temperature, might correspond qualitatively to the two 
phases predicted by Einstein? for an ideal gas which follows 
the laws of the Bose statistics. We should like to discuss 
here the properties of elasticity of such a Bose-Einstein 
(B-E), fluid as their experimental study might furnish 
supplementary information concerning the eventual quan- 
tum-statistical interpretation of the transition in liquid 
helium. 

The average intensity of light scattered by a given 
volume of a fluid is, as well known, proportional to 
(AN*)q/N? or (AV*)x/V? ie., to the relative mean square 
fluctuations of the total number N of the particles of the 
fluid, or its volume V, around the equilibrium value at a 
given temperature JT. Now, one may write 


(A.N*)qy/N? = (A 


where k is Boltzmann’s constant and xr is the isothermal 
compressibility of the fluid at temperature T. For an ideal 
B-E fluid xr tends to infinity when the temperature is de- 
creased to the quantum-condensation temperature 7» of 
the fluid. Consequently, if this condensation takes place in 
coordinate space, as the condensation of ordinary fluids, 
then a B-E ideal fluid scattering light should become 
opalescent when its temperature approaches 7» from the 
high temperature side. If, however, the condensation takes 
place only in impulse space, the condensed particles do not 
separate themselves in space from the other particles of 
the fluid, the elementary scattering volumes of the fluid 
do not suffer any abnormal spatial change, and in spite of 
the anomalous isothermal compressibility predicted by the 
statistical thermodynamics of the fluid, no quantum 
opalescence should exist near JT». The apparent ambiguity 
‘in the interpretation of the fluctuational properties of an 
ideal B-E fluid seems to indicate that the usual statistical 
thermodynamics of such a fluid does not give an adequate 
account of its quantum condensation. 

In the case of a nonideal B-E fluid where the nonideal 
character is taken into account by an average potential 
energy U, independent of the coordinates of the particles, 
smeared over the whole volume of the fluid, the pressure is 

b= 

where pia is the pressure of the ideal fluid and now xr be- 
comes almost normal around 7». This, incidentally, is the 
same as for the ideal fluid, as there is no apparent reason for 
8U/aV having an anomalous behavior around 7». The 
sudden vanishing of dpjg/8V near T» causes a slight jump 
in Xr from V-(—dpjig/9V+82U/dV?)— at a temperature 
slightly higher than Ty) to V-*(@2U/@ V2)" at To, and in the 
case of condensation in coordinate space the scattering of 
light might be slightly abnormal around 7». Again, follow- 
ing the mechanism of condensation in impulse space no 
such anomaly should exist. 

The adiabatic compressibility of an ideal B-E fluid xaa 
given by the quotient of xr and the ratio cy/c, of the spe- 
cific heats may be considered as normal around 7», and it 
will be so a fortiori for a nonideal fluid. Apparently this 
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would result in an almost normal behavior of the velocity 
of propagation of sound waves in a B-E fluid around the 
quantum-condensation temperature, if one leaves out of 
account the transport properties of the fluid. However, the 
comparison of this result with the experimental data® on 
liquid He seems to be difficult in view of the strange trans- 
port properties of liquid He II.‘ It seems rather that the 
experimental results on the scattering of light by liquid He 
around the transition temperature admit a far more direct 
interpretation in terms of the properties of elasticity of this 
fluid than those relative to the velocity of propagation of 
sound waves. 


J. C. Finpiay 
A. Pitt 
H. Grayson SMITH 
Louis GOLDSTEIN 
New Yor 
January 8, 1940. 


1F. London, Phys. Rev. 54, 947 (1938). 
2A. Einstein, Ber. Berl. Akad. 261 (1924) ang 3 (1925). 
s4, 56 E. Soe (19500 Nature 141, 970 (1938); J. O. 
Cf. J. E. _, ay Physica 6, 303 (1939). 


. Phys. Rev. 


Thermal Separation Ratios Calculated from Viscosity Data 


In the design of the apparatus and the choice of a suitable 
gas for the separation of isotopes by the thermal diffusion- 
thermal syphoning method, the ratio of the coefficient of 
thermal diffusion Dr to the coefficient of self-diffusion D 
plays a very important role.' For the case of isotopes 

Dr/D=Kr=acc, (1) 
where ¢ and cs are the relative particle densities of our two 
species and 

_ 105 
“118 (ma+mi) 


for dette spheres, the m'’s being the relative masses of the 
two types of particles. 

The variation of viscosity with temperature being now 
known with a considerable degree of accuracy for a great 
many gases, it is of interest to calculate the thermal sepa- 
ration ratios (ratio of Kr for the actual gas to Kr for elastic 
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spheres) from Chapman's limiting equations relating a to 
the repulsive force index.? According to Chapman? 


(2) 


where s is the repulsive force index of the molecules, and 
the subsciipt e.s. denotes rigid elastic spheres. 
For the variation of viscosity with temperature we have 


n=aT™, (3) 


where » is the coefficient of viscosity at the absolute tem- 
perature 7, a is a constant, and 1 is related to the repulsive 


force index by 
n=4$[(s+3)/(s—1)]. (4) 


In general, m varies with the temperature. 

From the above expressions, the values of s and Rr for 
the various gases given in Table I were calculated. The » 
values used were taken at T=450°K, which is a likely 
average temperature for a thermal diffusion column. 

It has been found that thermal diffusion data for mixtures 
of the monatomic rare gases give values of Rr that are in 
quite good agreement with values calculated in the above 
approximate manner.‘ However, the recent work of Nier* 
with methane indicates that Eq. (2) is perhaps none too 
reliable for complex polyatomic molecules. Nier obtains a 
value of Rr for methane of 0.3 which is about of the value 
calculated here. Nevertheless, calculations of this type are 
of interest, because they do give the order of magnitude of 
the value of Rr to be expected experimentally, and the 
relative values of Rr to be expected for different molecules, 
Consequently such preliminary calculations can be used as 
a guide in choosing a suitable molecular species for isotope 
separation by the thermal method. 

For example, one can see from Table I that Ns would be 
a far more suitable gas to use than either NH3;, NO, or 
N;O for the separation of the nitrogen isotopes. Similarly 
the hydrogen halides should be much more satisfactory 
than the halogen gases. For the separation of the oxygen 
isotopes, CO is the most satisfactory gas listed. It has the 
advantage over Os in both its value of Rr and the mass of 
the molecule. It is interesting that in spite of the fact that 
the molecular weight of CO is greater than that of methane, 
because of its larger Rr it should yield an a-value almost as 
large as that of methane. Of the rare gases, neon and argon 


Taste I. Values of n, s and Rr for various gases at T =450°K. 


Gas n s Rr REF. Gas n s Rr Rer. 
He 0.667 13.1 0.67 a Nz: 0.687 11.8 0.63 d 
Ne 0.644 14.7 0.71 a NHs 1.05 4.6 -—0.10 d 
A 0.76 8.7 0.48 a 0.975 5.2 0.05 § 
Xe 0.994 5.05 0.01 b N:0 0.90 6.0 0.20 
Cls 0.989 5.1 0.02 ¢c CHa 0.769 8.4 0.46 e 
Bre 0.985 5.1 0.03 c C:He 0.867 6.5 0.27 e 
I: 1.04 4.7 —0.08 C3Hs 0.909 5.9 0.18 
HCl 0.94 5.5 0.12 a C:He 0.840 6.9 0.32 d 
HI 0.94 5.5 0.12 c 0.90 0.20 { 
Oz 0.731 9.7 0.54 d co 0.68 11.8 0.63 h 
He 0.667 13.1 0.67 d 1.05 4.6 —0.10 i 

« M. Trautz and H. Binkele, Ann. d. Pipe 30, | 20, 118 nee. 4M. Trautz and e. Kurtz, Ann. d. Foye 9, 981 (1931). 

* M. Trautz and R. Heberling, Ann. d. oe oO , 118 (1934). ¢ M. Trautz and E. Gabriel, Ann. d. Physik 11, 606 (1931) 

¢M. Trautz and H. Winterkorn, Ann. d. Physik io, 511 (1931). + M. Trautz and A. Melster, Ann, d. Physik 7, 409 (1930 

fa Trautz and W. Weizel, Ann. d. Physik 78, 305 (1925) 


Heberling, Ann. d. Physik 10, 155 (1931 
Sorg, Ann. Physik 10, 81 (i931). 
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should be quite easily resolved. Xenon should be more 
difficult because of its close approach to the Maxwellian 
state. 

It is a pleasure to acknowledge the friendly interest of 
Dr. Robert Dudley Fowler, with whom the writer is en- 
gaged on an isotope separation project for which financial 
aid has been kindly given by Dr. H. A. B. Dunning. 

HARRISON BROWN 

Hopkins University, 


Baltimore, Mary’ 
January 8, 1940. 
Iw. Perry. R. Jonse 1083 (1939). 
2S. Chapman, Phil. Ma 7,1 
3 Combination of Eqs. 


4B. Atkins, R. Bastic 


ay 172, 142 (1939). 
5A. Nier, Phys. “oy. 


New Energy Levels in the Silver Atom 


With an ordinary arc between electrodes of pure silver 
a number of new weak lines were observed, by means of 
which a few new levels in the silver atom were discovered, 
especially the important d°s?*D term, which has been 
looked for by several investigators.! 

A preliminary list of the classified wave-lengths and the 
estimated relative intensities is given in Table I, while 
Table II contains the calculated new terms. It will be seen 
from the tables that two more members of the *P series 
have been found by means of pairs of infra-red lines forming 
the second and the third members of the combination series 
@S—m'®P. With these new *P terms the wave-lengths of 
the third and the fourth members of the principal series 
can be calculated to be \AA1850.5, 1847.7 and 1766.2, 
1764.9A, which are in sufficient agreement with some of 
the wave-lengths of unclassified lines given in Kaysers 
Handbook. The *P series is quite regular as well in regard 
to the effective quantum numbers as to the size of the 
doublet splitting. 

The d°s* 2D term was found by the combinations with the 
*P terms forming a series of inverted doublets with the 
d°st?D term as limit term, and further, in analogy with the 
copper spectrum, combinations with *F terms were found. 
The correctness of the deep d*s* 2D term is confirmed by its 
splitting, 4472 cm, which corresponds to the value esti- 
mated by McLennan and McLay. The three pairs of lines 
with this difference found by them may therefore give the 
values —4532, —5867 and —12,421 cm™ of three higher 
terms belonging to the displaced system. 


Tasie I. Wave-lengths and relative intensities in arc spectrum of silver. 


F COMBINATION 
5 8704.9 11484.6 ie 
10 8644.7 11564.6 a2 
2 7251.5 13786.5 d*s? 3D —6*P aye 
3 7108.5 14063.8 
6 7088.4 14103.7 6S 3/2 
10 5475.4 18258.4 2D 53 aye 
7 5172.8 19326.5 2D 
1 5151.4 19406.8 2D —72P 
5 $129.2 19490.8 2D — 42 F 5/2 
3 4563.8 21905.4 3D —82P 12 
8 4186.6 23879.0 23D —72P aye 
4 4172.0 23962.6 2D 7/2 
2 3784.1 26418.9 2D 53 


TABLE II. Calculated new terms in silver. 


Term VALUE ay n* 
d%s? 30863.2 
4472.2 
d%s2 2D 26391.0 
Pays 7063.9 3.9414 
80.0 
Pays 6983.9 3.9639 
4484.7 4.9466 
39.9 
aye 4444.8 4.9688 


Although the deep metastable d°s* *D term is only repre- 
sented very weakly in the silver arc spectrum (probably 
because of its nearness to the deep *P term), it is very 
probable that it plays an important role for the chemical 
behavior of the silver atom. Especially it seems promising 
to take the existence of this level into account in the theo- 
retical discussion of the photochemical properties of the 
silver halides. The fact that the excitation potentials for 
the lowest levels in the silver atom (3.65 and 3.76 volts for 
the *P term; 3.73 and 4.28 volts for the *D term) nearly 
coincide with the values of electron affinities for the halogen 
atoms seems to be connected with the exceptional behavior 
of the silver halides and to suggest an explanation of the 
atomic mechanism of the photographic process. 

A detailed report of the silver arc spectrum involving 
higher levels of the quartet system is under preparation 
and will be published in the Proceedings of the Royal Society, 
Denmark. I wish to express my thanks to Professor Niels 
Bohr for his kind interest in this work. 


Esse RASMUSSEN 


18, 1939. 


1A. G. Shenstone, Phys 31, 31 1 31928); 56, 
Blair, Phys. Re Rev. 36, 1531 dese j.c 
Proc. Roy. Soc., Can. 22, 1 (1928). 


209 (1939). H. A 
McLennan and A. B. McLay 


New Vacuum Tube Scaling Circuits of Arbitrary Integral 
or Fractional Scaling Ratio 


It is the purpose of this note to give a brief report on new 
scaling circuits having scaling ratios equal to any integer or 
the ratio of any two integers. In particular, a scale-of-10 
or decade counter has been constructed according to these 
principles and tested satisfactorily up to 100,000 pulses per 
second. The essential idea behind these new circuits is that 
some of the N states of a scale-of-N circuit are thrown away 
in order to obtain arbitrary scaling ratios less than N. 

The basic component of the method is the usual vacuum 
tube scale-of-2.1 A series of m stages of scale-of-2 has a 
scaling ratio of 2*= N. Each scale-of-2 has two states of 
electrical equilibrium. Similarly, a scale-of-N has N states, 
indicated in Table I for N= 16, 

In a scale-of-16 the four stages have associated numbers 
of 1, 2, 4, and 8, respectively. If we designate the two tubes 
in each stage by A and B, then all tubes A are nonconduct- 
ing in the zeroth state. Starting in the zeroth state, or 
zero reset condition, the circuit goes through its 16 states in 
succession as input pulses are applied. To obtain a scale-of- 
10 circuit, we may (1) start at the zeroth state and go up 
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Tas_e I. 
No. oF STaTE| 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
oes in which 1 
ube A is 1 1 1 2 + 16 
conducting 1 1 2 + 1 2 + 4 + + 2 
1 2 + 4 + + 2 8 + + 2 + 4 4 ~ or 
2 4 4 + 8 8 + 8 + + 4 
4 8 8 8 + 0 


to the tenth state, or (2) start at the sixth state and go up 
to the sixteenth. In (1) we must make the circuit auto- 
matically reset itself to the zeroth state when the tenth 
state is reached and in (2) to the sixth state when the 
sixteenth state is reached. 

A glance at the table shows that each state is charac- 
terized by a unique coincidence in the states of the indi- 
vidual stages. In (1) above, when the tenth state is reached, 
the second and fourth stages are made to operate a coinci- 
dence tube which electronically resets the circuit to zero. 
In (2) above, the output of the fourth stage is used to 
electronically reset the circuit to the sixth state by resetting 
the second and third stages when the sixteenth state is 
reached. 

New methods of resetting have been devised which are 
extremely fast and entirely electronic. One method uses 
scaling tubes with extra grids. A negative reset pulse is 
applied to the grids of the appropriate tubes. Another 
method places a 6F6 pentode in series with the cathode 
leads of the scaling tubes which are to be reset. A negative 
reset pulse applied to the grid of the reset tube effectively 
breaks the cathode current of the scaling tubes. It should 
be noted that, for even scaling ratios, the first stage is free to 
record pulses even while the resetting is going on. The reset 
time can be made as low as the resolving time of the circuit. 

A new method for the precise determination of scaling 
ratios at any input counting rate has been developed for 
testing a scale-of-10 counter using method (2) and pentode 
resetting. The rectified output of a beat frequency oscillator 
was applied to the decade counter and also weakly coupled 
to an oscilloscope. The output of the counter was simul- 
taneously applied to the oscilloscope. The stationary pat- 
tern showed exactly ten input pulses for each output pulse 
up to 100 kilocycles. By decreasing the circuit capacitances, 
the speed is increased. These speeds were also verified by 
directly counting the output of the decade counter with a 
scale-of-1024. 

It is obvious from the above discussion how any integral 
scaling ratio less than NV = 2* may be obtained. By selecting 
the output of only some of the states, using the proper 
coincidence circuits (and sometimes anticoincidence cir- 
cuits to avoid partial coincidences), fractional scaling ratios 
are obtained. If m states furnish output pulses, the scaling 
ratio will be N/m=2"/m, (m=1---N) when no resetting 
mechanism is used. If resetting is used, we can have in 
addition, N equal to any integer up to 2". 

Haroip LirscHutz 


Naval Research Laboratory, 
Wi ngton, ” 
January 10, 1940. 
1H. Lifschutz and J. L. Lawson, Rev. Sci. Inst. 9, 83 (1938). 


The Energy Levels, Mass and Radioactivity of A" 


In continuation of a study of the proton groups from ele- 
ments of medium atomic weight under bombardment by 
deuterons, argon has been investigated. The argon was 
contained in a gas cell at a pressure of 20 cm of mercury, 
The deuteron beam entered the cell through an Al foil of 
2.7 cm air equivalent absorption. The effective bombarding 
energy was 2.38 Mev. Transmutation protons emerged at 
right angles to the incident deuterons through another 
aluminum window in the gas box. Defining slits limited the 
effective target depth to about 1.5 cm, corresponding to 
a target thickness of 0.54 cm air equivalent. Detection of 
the protons was accomplished in a manner described in an 
earlier communication.’ 

An absorption plot of the protons shows three distinct 
groups of ranges 27 cm, 35.75 cm and 53 cm. The resulting 
Q values are 2.23 Mev, 3.01 Mev and 4.37 Mev, respec- 
tively. The 27-cm group is of range appropriate to C® (dp), 
However no 10.5-minute activity, representative of N¥, 
was found when the decay of the radioactivity in the bom- 
barded gas was followed. Thus it is concluded that all three 
groups are due to argon and the intensity of each almost 
certainly requires that A*® is the isotope responsible, the 
reaction being 


The above results infer excited states in the A“ nucleus 
at 1.36 Mev and 2.14 Mev and together with the mass of 
A*® as given by Bainbridge assign a value of 40.9770 
+0.0006 for the mass of A“. 

If one assumes the mass of Ca*® to be 39.9738 as derived 
by Barkas* and employs the maximum ‘Q” value found by 
the author® from the Ca (dp) reaction, he is led to a mass 
40.9736 for Ca“. 

Walke* has verified the suggestion made by the writer® 
that Ca“ decays to K* by K-electron capture, giving the 
half-life as 8.51 days. This implies that the mass of K* 
would be expected to lie between 40.9725 and 40.9736. 

Kurie, Richardson and Paxton® and Richardson and 
Kurie* have made a study of the 8- and y-rays from A“, 
They find 8-rays with an upper limit energy of 1.5 Mev and 
indications of a much smaller group extending to 5 Mev. 
A single y-ray line at 1.37+0.06 Mev is also present. 

If it is assumed that A“ emits a 1.5-Mev 8-ray going to 
an excited state at 1.37 Mev in K", the mass here obtained 
for A" allows one to establish 40.9739 +0.0008 for the mass 
of K“, This is quite in agreement with the limits previously 
set, when the possible errors involved are considered. How- 
ever, the assumption that A“ emits a 5-Mev electron would 
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make the mass of K* too small by an amount outside the 
assigned limits of error. Hence one is forced to conclude 
that the energetic electrons observed arise from a radio- 
active body other than A“. Traces of another radioactive 
element with half-life approximating that of A“, produced 
either from small amounts of impurities in the argon gas or 
resulting from some as yet undiscovered argon reaction 
could possibly explain the presence of such fast 8-particles. 

I should like to express my appreciation to Professor 
Ernest Pollard for his advice in this work. 


L. Davipson, Jr. 
Sloane Physics Laboratory, 
Yale University, 
New Haven, Connecticut, 
January 16, 1940. 


1W. L. Davidson, Jr., Phys. Rev. 56, 1062 (1939). 

2W. H. Barkas, Phys. Rev. 55, 691 (1939). 

3W. L. Davidson, Jr., Phys. Rev. 56, 1061 (1939). 

4 Harold Walke, private communication. 

’ Kurie, Richardson and Paxton, Phys. Rev. 49, 368 (1936). 
6 Richardson and Kurie, Phys. Rev. 50, 999 (1936). 


The Contributions of Showers to the Coincidences 
Recorded at High Elevations 


The absence of an east-west asymmetry in the cosmic 
radiation at very high elevations found by our balloon 
flights in Panama! was interpreted as indicating that the 
primary rays of the soft component consist of equal num- 
bers of positives and negatives, a characteristic which dis- 
tinguishes these rays from the primaries of the hard com- 
ponent since the latter are known to be almost entirely 
positive. On the basis of this finding we concluded that the 
primaries of the hard component could not be electrons 
but were probably protons. As we pointed out in the report 
of the Panama flights equal intensities from the east and 
west could not be otherwise interpreted unless many of the 
counts recorded by our coincidence counters were produced 
by particles whose primaries entered the atmosphere from 
directions other than those described by our counter train. 
In seeking possible causes for such deviations between the 
directions of the primary and secondary rays the two effects 
considered, namely, nuclear scattering and deviations of 
slow secondary particles in the earth’s magnetic field,? were 
found inadequate to account for the observed lack of 
asymmetry. Recently Oppenheimer® has sought to revive 
the possibility that the mesons of the hard component are 
produced by primary electrons (or their photon secondaries) 
admitting that these may be entirely positive, and he has 
asked if in our measurements coincidences produced by air 
showers might have obscured the asymmetry of the pri- 
mary rays. 

In answer to Oppenheimer’s suggestion we have made 
two flights in which the three coincidence counters were 
arranged alternately in line, position A, Fig. 1, with the 
principal axis inclined 60° from the vertical, as in our 
Panama flights, and then, with nearly identical spacing, in 
the out-of-line position B. The contributions to the count- 
ing rates by showers from the air or from the batteries 
beneath the counters should be the same in both arrange- 
ments, but single rays would not be recorded in the out-of- 
line position. Care was taken to have the spacings of the 
counters and their positions relative to the batteries as 


COUNTS PER MINUTE -A 


N 


3 “4 
DEPTH - METERS OF WATER 


Fic. 1. The variation of in-line, A, and out-of-line, B, coincidences 
with atmospheric depth. The points PP are based upon 45-minute 
averages, the other points upon 5-minute averages. 


nearly as possible the same as in our Panama flights, and 
except for a small electric motor which moved one of the 
counters between the two positions A and B at two-minute 
intervals, these instruments were identical with those used 
in Panama. 

On the first flight the counters failed when the apparatus 
reached the equivalent depth of 2 meters of water, but at 
that depth the in-line counting rate was many times the 
out-of-line rate. The record of the second flight was com- 
plete and the results are shown in Fig. 1 where the counting 
rate with each arrangement of counters is plotted against 
atmospheric depth. This flight ascended to an atmospheric 
depth equivalent to 47 cm of water and signals were re- 
ceived for four and one-half hours. The upper curve plotted 
to the scale on the left shows the in-line counting rates 
based upon 5-minute averages while the lower curve plotted 
to the scale on the right shows the out-of-line counting 
rates, also based upon 5-minute averages. At the higher 
elevations the air showers contribute only about five percent 
of the in-line counts and it is impossible to attribute the lack 
of asymmetry observed by our flights in Panama to this cause. 
Thus there seems to be no escape from our conclusion that 
mesons are not produced by rays of the soft component 
but are probably produced by primary protons. 

The small increase of air shower intensity with elevation 
is a matter of some interest although it is readily inter- 
preted if account is taken of the lower concentration of air 
at the higher elevations. If showers of a given type are 
considered, namely, those in which a pair of particles 
diverges at a given angle @, it is clear that such a shower 
may produce a coincidence in the out-of-line arrangement 
if it originates at some distance x to x+dx above the 
counters, a distance independent of the atmospheric 
pressure and depending only upon the angle @. Thus the 
probability that a ray will produce a shower capable of 
giving a coincidence varies as the amount of matter in dx, 
or in proportion to the atmospheric depth h. Since the 
intensity of the soft component varies at depths below that 
of maximum intensity according to the law j,=joe~*-™ 
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where h is in meters of water, the variation of air shower 
counting rate should vary as he~**, The latter function is 
represented by the dotted curve in Fig. 1 and it is in fair 
agreement with the experimental points representing the 
air shower intensity. 
These flights have been made with financial support 
from the Carnegie Institution of Washington. 
Tuomas H. JOHNSON 
J. GrirFitHs BARRY 


Swarthmore, Pennsylvania 
January 10, 1940. 


1T. H. chasen ond J. G. Barry, Phys. Rev. 56, 219 (1939); T. H. 
. Mod. Phys. 11, 208 (1939). 
?T. H. ohnson, Phys. Rev. 56, 228 (1939). 
R. nheimer, private communication. 
ordheim, Phys. Rev. 51, 1110 (1937). 


Ferromagnetic Anisotropy in Body-Centered Cubic 
Iron- Nickel Alloys 

It may be worth pointing out that the results for the first 
ferromagnetic anisotropy constant in body-centered cubic 
iron-nickel alloys up to 16 atomic percent nickel, recently 
reported by L. P. Tarasov! are in agreement as to direction 
of change and its order of magnitude with predictions* 
based upon a somewhat crude theory for magnetic in- 
teraction. 

L. W. McKEeHAN 


New Haven, Connecticut, 
January 4, 1940. 


L. P. Tarasov, Phys. 56, 1245-1246 (1939). 
LW. McKeehan, Phys. Rev. 52, 18-30 (1937), Table IV. 


Proton-Proton and Proton- Neutron Interactions 
for the Morse Potential 


The potential 
—D[exp (—4r/a)—2 exp (—2r/a) ] 


has been introduced into molecular problems by Morse and 
has been applied to nuclear problems by Morse, Schiff and 
Fisk.! It was found by them to represent satisfactorily the 
data on the scattering of neutrons by protons, the binding 
energy of the deuteron and the photoelectric effect of the 
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deuteron. It was thought of interest to adjust the constants 
D and a so as to fit the newer data. For proton-proton 
scattering the adjustment of the constants was made so as 
to fit the values of the phase shift obtained? from the newer 
experiments? on the scattering of protons by protons. The 
values D = 119.36 mc*, a=e*/2mc* give a satisfactory agree- 
ment with the experimentally determined phase shifts, The 
phase shifts were computed using numerical integration of 
the wave equation up to a distance of 3e*/mc* where the 
wave function was joined to the Coulomb function. The 
computed phase shifts are given in Table I. 


TABLE I. Computed phase shifts. 

E In KEV Ko E KEV Ko E KEv Ko 
670 24.27° 860 29.17° 1830 43.73° 
776 27.17° 1200 36.00° 2105 46.12° 
867 29.33° 1390 38.83° 2392 47.85° 


At the lower energies there is some systematic difference 
between the experimental and theoretical values. This, 
however, exists for other potentials also* in varying degrees, 
The Morse potential was used above as an addition to the 
Coulomb potential. 

With the same range of force the proton-neutron po- 
tential in the 4S state has been determined so as to fit 
Simons’ value‘ (14.8 10-* cm*) for the scattering cross 
section of slow neutrons. The ratio of the proton-neutron 
potential obtained, using the above value of D, is 1.006 
confirming a close equality of the proton-proton and proton- 
neutron forces.§ 

Hupert M. THAxtTon 
A. M. Monroe 


ment of Physics, 

cultural and ? Technical College of North Carolina, 
Greensboro, North Carolina, 

January 12, 1940. 


51, "706 Gar B. Fisk and L. I. Schiff, Phys. Rev. 50, 748 (1936); 
2G. Breit, H. M. Thaxton and L. Eisenbud, Phys. Rev. 55, 1018 


(1939). 

, D. W. Kerst, D. B. Parkinson and G. J. Plain, Phys. 
55, 998 (1939); N.P. L. R. Hafstad and M. A. Tuve, 
Phys. Rev. 56, 1078 (1939). 

Simons, Rev. 55, 792 

5G. — U. Condon and R. D. Present, Phys. Rev. 50, 8 
ont . R. Stehn, Rev. 52, 396 i937): G. Breit 

& . Share and H Thaxton, Phys. Rev. 1103 
E. Hoisington, S. S. and G. Breit, Phys. Rev. 56, 
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MINUTES OF THE BERKELEY, CALIFORNIA, MEETING, DECEMBER 22 AND 23, 1939 


HE 23ist regular meeting of the American Physical Society was held in 

Le Conte Hall, University of California, Berkeley, California, on Friday 

and Saturday, December 22nd and 23rd, 1939. More than 80 persons were in 

attendance. The contributed papers abstracted below were presented, Number 
30 being read by title. An Author Index will be found at the end. 


PAUL KIRKPATRICK 
Local Secretary for the 
Pacific Coast 


ABSTRACTS OF CONTRIBUTED PAPERS 


1. A Theory of Spark Discharge. J. M. Meex, Uni- 
versity of California. (Introduced by Leonard B, Loeb.)—The 
breakdown of a gas in a uniform field proceeds by the 
transition of an electron avalanche into a positive streamer 
which develops in the direction of the cathode to form a 
conducting filament bridging the gap. Such a transition 
probably occurs when the radial field about the positive 
space-charge in an electron avalanche reaches a value of 
the order of the external applied field. Photoelectrons in the 
immediate neighborhood of the avalanche will thus be 
attracted towards it and a self-propagating positive space- 
charge streamer forms. This theory is based on ionization 
by electrons and photo-ionization in the gas, and is inde- 
pendent of the classical assumption of ionization by posi- 
tive ions in the gas or at the cathode. The theory yields an 
equation for the calculation of the sparking potential which 
can be solved by reference to a/p—X/p curves. The equa- 
tion deviates slightly from Paschen’s Law as it depends on 
ion densities instead of the total number of ions. Satis- 
factory agreement between calculation and experiment is 
obtained in air for values of pressure times gap length down 
to ps~100 mm Hg Xcm. Ion densities in sparking fields 
for p<100 are insufficient for streamer formation and 
breakdown proceeds by secondary electron liberation at 
the cathode in conformity with observation. 


2. Optical Properties of Evaporated Silver Films. JoHn 
STRONG AND Barry D1sBLe, California Institute of Tech- 
nology.—Reflectivity, R, and transmissivity, 7, have been 
measured for 200 silver films. The measured values when 


plotted against surface density exhibit “erratic” deviations 


from a smooth curve. However, plotting R versus T yields 
a consistent and reproducible but discontinuous curve hav- 
ing two branches. One branch connects continuously with 
the R of bulk silver, while the other connects continuously 
with the point representing the bare backing glass. The 
two branches define two apparently distinct physical states: 
type silver films continuous to the opaque films and 
B-type films continuous to the thinnest film. Properties of 
the films are as follows: a-type films have a high efficiency 
(R+T) and exhibit little or no scattering. 6-type films have 


a low efficiency, scatter red light and have a transmission 
minimum at a wave-length which is proportional to the 
surface density. 

Thin films deposited on a glass plate by backward 
scattering of evaporated silver give values of R and T 
which fall on the branch of the curve characterizing 8-type 
films. Furthermore, thicker deposits obtained in this 
manner give points which extend the branch toward opaque 
films. 

The sputtered films of Goos' are best represented by the 
extended branch of the 8-type films. 


1F. Goos, Zeits. f. Physik 100, 95 (1936). 


3. Absorption Spectra of Certain Diatomic Halides. 
CuarLes A. Fower, Jr. AND F. A. JENKINS, University 
of California.—A systematic search for new band systems 
in the absorption spectra of certain diatomic halides has 
been carried out in the wave-length region 1950 to 7500A. 
The salts were vaporized at temperatures between 900 and 
2200°C in a carbon-tube furnace previously described.' 
Band systems located under low dispersion were photo- 
graphed in the first order of the 21-foot grating (average 
dispersion 1.3A/mm). A further ultraviolet system of BeF 
was not observed, but high dispersion spectrograms of the 
1,0 *II—*2 band in absorption afforded a very sensitive test 
for the once reported* but doubtful isotope Be*. The plates 
show no band head due to Be*F., The analyses of new band 
systems of the fluorides of Mg, Ca, Sr, and Ba have given 
vibrational constants and electronic energies of twelve 
hitherto unknown electronic states. New band spectra of 
CdF and SnCI have been photographed and analyzed. Of 
the fluorides of the iron group, only CoF produced a band 
api within the limits of observation. 


F.A. and Goons D Rochester, Phys. Rev. 52, 1135 (1937 
W. We Watse Watson and A. E. Parker, Phys. Rev. 37, ier (i930) 4 


4. On the Mechanism of Boundary Lubrication. Part I. 
Wear Prevention by Addition Agents. J. W. GIvENs, 
Otro Breck anp E. C. Wittiams, Shell Development 
Company, Emeryville, California.—If two metal surfaces 
slide over each other in the presence of a lubricant and 
under high load, high pressures and temperatures prevail 
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at those isolated spots which actually carry the load, 
leading to wear and possibly to breakdown. The action of 
wear preventing agents has been studied. Such agents are 
effective through their chemical polishing action, by which 
the load is distributed over a larger surface and local 
pressures and temperatures are decreased. Especially effec- 
tive are compounds containing phosphorus or other ele- 
ments of Group V of the periodic system. These have been 
found to form a metal phosphide or homolog on the surface 
which is able to alloy with the metal surface, lowering its 
melting point markedly. The wear experiments were carried 
out with a highly sensitive and accurate method which 
uses metal-plated steel balls as its sliding elements. Under 
the experimental conditions additions of 1.5 percent 
triphenyl phosphine or triphenyl arsine in white oil gave 
wear prevention factors of 7.2 and 12.2, respectively (rela- 
tive to pure white oil). A further addition of 1 percent of a 
long chain polar compound is able to double the wear 
prevention factor obtained with the polishing agents and 
wear prevention factors as high as 17.6 have been observed. 


5. On the Mechanism of Boundary Lubrication. Part II. 
The Action of Long Chain Polar Compounds. Otro BEEcK, 
J. W. Givens anp A. E. Smita, Shell Development Company, 
Emeryville, California.—Coefficients of kinetic friction for 
many oils were measured and the structure of thin films of 
the oils rubbed on polished mild steel surfaces was in- 
vestigated by electron diffraction. Oils showing no or little 
surface orientation had a constant coefficient of friction of 
about 0.1 over the available velocity range from 0 to 1 
cm/sec. With oils which showed high surface orientation 
imparted by addition of long chain polar compounds, a 
sudden decrease of the coefficient of the friction by a factor 
of about 10 was observed at various velocities of the sliding 
surfaces, depending upon the compound used. Those com- 
pounds causing the effect to occur at the lowest velocities 
were found to be most highly oriented with their carbon 
chains most nearly perpendicular to the surface. Such a 
change of the coefficient of friction can be explained only 
by the wedging of oil under the surface (oil drag), leading 
to a type of ‘“‘quasi-hydrodynamic” lubrication. The re- 
gions of sudden decrease of the coefficient of friction corre- 
spond to a change from metallic contact to extremely high 
electrical resistance. The investigation shows that long 
chain polar compounds act primarily by inducing the 
“wedging effect” and not by giving a direct protection to 
the surface. 


6. Theory of Composition of Bearing Alloys. S. Kyro- 
PouLos, California Institute of Technology.—From structure 
and running properties of Babbitt metals engineering de- 
rived rules for the development of bearing alloys. Conven- 
tional theory considers a hard structural element, embedded 
in a soft matrix metal, the fundamental requirement for a 
bearing metal. The hard constituent is interpreted as the 
actual carrier of the normal journal load, the soft matrix 
as its yielding support above which the hard constituent 
stands in relief. In thin film lubrication the soft ‘‘valleys” 
are believed to retain oil. The theory offers no explanation 
for the performance of certain pure metals, It is shown that 


the metals used in practice for soft matrices—and only 
these—have outstandingly high thermal expansion. Thus, 
under critical operating conditions it is the soft constituent 
in a good bearing that carries the load. Stress analysis in the 
case Cu-Pb yields for coherent Cu-structure load carrying 
capacities of the order found in practice and its variations 
with structure in agreement with experience, the strength 
of the Cu adding itself to the strength of the Pb. The con- 
ception includes the case of pure metals as a limiting case 
and explains their individual behavior. 


7. Radioactive Hydrogen. L. W. ALVAREZ AND R, 
CornoG, Radiation Laboratory, University of California. 
Further tests have confirmed our suggestion that H? pro- 
duced in the D—D reaction is radioactive. We have bom- 
barded heavy water with deuterons and observed the con- 
centration of the radioactive hydrogen in electrolysis. This, 
together with the fact that no activity can be detected in 
the electrolytic oxygen, indicates that radioactive body 
must be a heavy isotope of hydrogen. The yield of active 
atoms, as determined by Geiger counter experiments, js 
about equal to the number of neutrons produced in the 
D-—D reaction, lending support to the assignment of mass 
3. The half-life is being measured on three samples, one of 
which has been followed for 80 days; the best value at 
present is 150+40 days. The average energy of the beta- 
rays has been estimated from the ratio of the number of 
active atoms to the number of ion pairs formed in a given 
volume of gas, and independently from range measure- 
ments. These rough measurements both give about 10 kev, 
A precision measurement by electrostatic methods is now 
in progress. 

1L. W. Alvarez and R. Cornog, Phys. Rev. 56, 613 (1939). 


8. D. C. Amplifier. W. M. BRUBAKER, Westinghouse 
Electric and Manufacturing Company, East Pittsburgh, 
Pennsylvania.—A method of directly coupling successive 
stages of a vacuum-tube amplifier without the use of 
batteries has been devised. The efficiency of the coupling 
is constant for audio or zero frequency, and may easily be 
made as high as 80 percent. The cathodes of all stages are 
at the same potential. Thus, with the aid of gaseous dis- 
charge voltage regulator tubes, all stages may be operated 
from a common power supply. Negative feedback, with 
all of its advantages, is easily incorporated. Degenerative 
feedback aids the stability of the amplifier so that it may 
be operated directly from alternating current. 


9. The Measurement of Gamma-Ray Energies. A. C. 
HeELMHOLZ, Radiation Laboratory, University of California, 
—A magnetic spectrograph using photographic film as a 
detector has been used to investigate some y-rays. In Ga", 
the K and L conversion lines of the y-ray reported by 
Alvarez! have been measured. The energy is 93 kv, in good 
agreement with the work of Valley and McCreary. K 
photoelectrons ejected from tin by the same y-ray have 
also been photographed. This confirms Alvarez’s result 
that the y-ray is only partially converted. In addition 
photoelectrons ejected from gold and from tin by a 182-kv 
y-ray have been observed. The one-hour Se, reported by 
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Langsdorf and Segré* as an isomeric transition in Se’® or 
Set, was found to give two lines corresponding to the K 
and L conversion of a 99-kv y-ray. Successive exposures 
showed these lines to be due to a substance with the ap- 
propriate half-life. The isomeric transition of half-life 52 
hours found by Walke* in Sc“ gave a line of electrons at 
about 260 kv, which is in agreement with his absorption 
measurements of the energy. Two samples of long-lived 
radioactive element 43 formed by deuteron bombardment 
of molybdenum, one aged one year, the other about eight 
months (both were kindly prepared by Dr. E. Segré), gave 
two lines corresponding to the K and L conversion of a 
97-kv y-ray. 


1L. W. Alvarez, Phys. Rev. 54, 486 (1938). 

2G. E. Valley and R. L. McCreary, Phys. Rev. 56, 863 (1939). 
3A. Langsdorf and E. Segré, Phys. Rev. in press. 

4H. Walke, Phys. Rev. in press. 


10. Internal Scattering of Gamma-Rays. E. P. Cooper 
anp P. Morrison, University of California. (Introduced by 
J. R. Oppenheimer.)—If an element is irradiated with 
gamma-rays of sufficiently high energy, the upper limit of 
the Compton recoils is less than the minimum energy of 
photo- or conversion electrons from any shell. But electrons 
of energy between these two limits may be ejected in 

s in which the momentum condition can be relaxed. 
Such processes are (1) the scattering of an external gamma- 
ray by a bound electron, where momentum can be taken 
up by the nucleus, (2) the internal scattering by the elec- 
trons of the radioactive atom itself, where the radiation 
field of the near-by nucleus can fulfill momentum condi- 
tions impossible for a plane wave. We consider the second 
case, for scattering of an electric dipole gamma-ray by s 
electrons. We use Dirac electron theory with Born approxi- 
mation. The process is of order a compared to the internal 
conversion, as expected. Our small result indicates that 
most of the electrons observed in such a region—for in- 
stance from the 2.62 Mev gamma-ray of Th C’’—are of 
instrumental origin. This is in agreement with the results 
of Alichanian and Nikitin.* 


*A. Alichanian and S. Nikitin, Comptes rendus de l'Acad. des 
Sciences U.S.S.R. 19, 337 (1938). 


11. Air Mass Effect on Cosmic-Ray Intensity. DonaLp 
H. LoUGHRIDGE AND Paut Gast, University of Washington. 
—Blackett' has suggested that the “temperature effect” of 
the cosmic rays is due to the vertical shift of the layer in 
which the mesotrons are formed and has further suggested 
that it may be possible to correlate cosmic-ray data with 
the structure of depressions. Data obtained with a Car- 
negie, Model C cosmic-ray meter loaned to us by A. H. 
Compton indicate a noticeable change in intensity at the 
fronts separating different air masses. The data were ob- 
tained while the meter was on board the M. S. Northland 
traveling between Seattle and Juneau, Alaska, in the 
process of investigating the latitude effect. The location of 
the fronts was obtained from the Seattle airport office of 
the U. S. Weather Bureau. Of the twelve fronts investi- 
gated, three were cold fronts, one was warm, and eight 
were occlusions. The cold fronts gave changes of from 2.9 
Percent to 5 percent; the warm front gave a change of 


2 percent, while the occlusions gave changes of from 1.7 
percent to 2.5 percent. The changes took place over a space 
of from one to three hours. Two further cases of fluctuation 
were noticed, one accompanying an influx of warm moist 
air aloft, the other representing a zone of transition which 
contained no definite front. 


1P. M.S. Blackett, Phys. Rev. 54, 973 (1938). 


12. Back Diffusion in Oil Vapor Vacuum Pumps. R. 
CornoG, Radiation Laboratory, University of California. 
—The new 60-inch cyclotron is at present evacuated with 
the aid of an oil vapor diffusion pump with a pumping 
speed of about 3000 liters per second. In connection with 
the design of this pump, experiments were performed which 
showed that as the backing pressure on the high pressure 
side of a single pumping oil jet is increased, the amount of 
gas diffusing back against the jet of oil vapor increases . 
linearly with the pressure until a certain critical pressure 
is reached. The slope of this curve varies widely with the 
physical proportions of the pump. At the critical pressure, 
the pumping action of the jet breaks down completely, and 
gusts of gas blow continually back through the jet. 


13. Levels of Emission of Night-Sky Spectra. J. KAPLAN, 
University of California at Los Angeles—-This discussion 
regarding the amounts of atomic oxygen and nitrogen in 
the upper atmosphere, and the heights of origin of the 
green auroral line and the atomic nitrogen lines *S—*D in 
the night sky, is based on their transition probabilities and 
on recent laboratory and field observations. According to 
Pasternack, the transition probability of the green auroral 
line is about 53,000 times that of the lines which originate 
on the 2D level of nitrogen. The laboratory observation of 
this highly improbable transition and its probable presence 
in H. W. Babcock’s night-sky spectra with an intensity 
1/50 that of the green line, leads to two alternative con- 
clusions. If both radiations originate in the same region of 
the atmosphere there must be about 1000 times as much 
atomic nitrogen present as atomic oxygen, provided the 
excited states are produced at equal rates. On the other 
hand, the auroral green line may be emitted high in the 
atmosphere and the nitrogen lines as low as the ozono- 
sphere. The latter is in agreement with the recent observa- 
tions of the enhancement of the nitrogen lines and the 
Vegard-Kaplan bands with pressure. It suggests that 
different mechanisms of excitation are responsible for the 
two radiations. 


14. Night-Sky Light and Nocturnal E Layer Ionization. 
N. E, BRADBURY AND W. T. SUMERLIN, Stanford University. 
—In accordance with the suggestion that the sporadic 
nocturnal E layer ionization may be associated with varia- 
tions in the luminosity of the night sky, a simultaneous 
investigation of both these phenomena has been carried 
out. The intensity of night-sky light was determined by 
means of a recording electrometer and photoelectric cell, 
measurements being made only after twilight and during 
such times as the moon was below the horizon: At different 
times both a Kunz KH cell and a CeO cell were employed. 
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The ionosphere was investigated simultaneously using a 
pulse transmitter and photographically recording receiver 
operating at a frequency of 2.1 megacycles. The blue por- 
tion of the night-sky luminosity appears to increase after 
sunset to a maximum shortly after midnight with a sub- 
sequent slow fading. The light in the red region of the 
spectrum shows much greater fluctuations in intensity and 
is brightest after sunset and decreases continuously there- 
after. Practically no correlation has been found between 
the intensity of the night-sky light and the character of the 
ionospheric reflection. Various possibilities may be sug- 
gested to explain this result. 


15. Artificially Produced Alpha-Particle Emitters. DALE 
R. Corson AND KENNETH R. MACKENzIE, Radiation 
Laboratory, University of California—By bombarding 
_heavy elements with the 32-Mev alpha-particles available 
with the 60-inch cyclotron, we have produced radioactive 
substances which decay by alpha-particle emission. Lead 
and bismuth in particular emit appreciable numbers of 
alpha-particles after bombardment. We have done some 
preliminary experiments on bismuth to determine the 
nature of the radioactive processes. We have observed two 
alpha-particle periods: one of half-life 7.5 hours and one 
of the order of months. The latter may possibly be due to 
RaF produced by deuteron contamination in the alpha- 
particle beam. Associated with the 7.5 hour period are two 
groups of alpha-particles, of ranges approximately 4.5 cm 
and 6.5 cm. Both groups are present in as nearly equal 
numbers as can be measured. We have sought to establish 
a genetic relationship between the two groups but with 
no success as yet. Several beta-ray periods are also present, 
but some of these are probably due to contaminations. 
Chemical identification of the radioactive elements is 
uncertain at present. 


16. Some Effects of Disintegration Products, from the 
Reaction ,B'°-+-slow on', on Mammary Carcinoma, Lym- 
phoma and Sarcoma. P. GERALD KRUGER, Radiation Lab- 
oratory, University of California.—Small pieces of mammary 
carcinoma, lymphoma, and an undifferentiated sarcoma 
have been immersed in a solution of boric acid and irra- 
diated with slow neutrons before implantation. In this way 
the boron is disintegrated in the environment of the ma- 
lignant cells and the disintegration products (Li? and He*) 
produce intense ionization in the cells. All malignant tissues 
used were known to give 100 percent takes for normal un- 
irradiated implants. Provisional results show that it is 
possible to kill the irradiated bodies when the fast neutron 
y-ray background is approximately one-fifth of the dose 
which will allow 100 percent takes (i.e., sub-lethal dose) in 
mammary carcinoma. At the same time the boron controls 
of seven experiments averaged better than 90 percent takes. 
This method has the distinct advantage of localizing the 
lethal ionization in the region where the boron disintegra- 
tion takes place and thus removes (in the case of its appli- 
cation to in vivo work) the danger of skin burns and similar 
disturbing factors which are prevalent in x-ray and neutron 
therapy. Thus, it seems that this boron slow neutron 
method may develop and be applicable to the treatment 


of malignant growths in vivo. Experiments to test such 
applicability are now in progress. 


17. Graphical Representation of Relations between e, m 
and h. Raymonp T. BrirGe, University of California. 
R. A. Beth! and J. W. M. DuMond? have presented three. 
dimensional plots designed to represent observed values of 
various functions of ¢, m and h. By taking a 
chosen cross section of such a plot, one obtains the relations 
between some two independent variables, each of which 
is a f(e, m, h). Such a two-dimensional plot of some arbj- 
trarily chosen pair of independent variables may, however, 
be constructed without reference to any postulated three. 
dimensional origin. In fact, such reference often intro. 
duces, in this case, an entirely unnecessary complication, 


Two general types of two-dimensional diagram are now in 


use, (1) an ordinary type of plot, using rectangular or 
oblique coordinates, (2) a parallel line nomographic chart, 
There are an indefinitely large number of possible varieties 
of each type, and for any one variety of one type there js 
always a precisely corresponding representative of the 
other type. The purpose of this paper is to present entirely 
general but very simple equations, which represent explicit 
directions for the construction of each of these types of 
chart, for any assumed pair of independent variables, Al] 
two-dimensional plots previously used constitute merely 
certain special cases of these general equations. 


1 R.A. Beth, Phys. Rev. 53, 681 (1938) ; 54, 865 (1938) ; 56, 208 (1939), 
2J.W.M. ond, Phys. Rev. 56, 153 (1939). 


18. Calculation of the Efficiency of a Condensing Surface 
as a Function of the Observed Yield. JoszrH SLEPIAN anp 
W. M. BruBakER, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pennsylvuania.—The kinetic 
theory of gases gives the number of molecules crossing from 
one side to the other of a unit surface in unit time in a gas 
in equilibrium as }Né, where N is the molecular density 
and é the mean velocity of thermal motion. The number of 
molecules striking the wall of a vessel containing the gas 
or vapor is given by the same expression if the molecules 
are reflected from the surface. However, if the gas consists 
entirely of a condensable vapor and the surface condenses 
perfectly, the vapor will be in a state of flow and the 
number of molecules striking the surface may be computed 
from the mathematical theory of the mechanics of con- 
tinuous fluids. For surfaces which condense only a part of 
the incident molecules, a combination of these two methods 
may be used to determine the number of molecules which 
strike the surface in terms of the number removed by 
condensation. This procedure is outlined and the results 
shown by a curve. 


19. Spinor Wave Equations Linear in the Momentum. 
L. I. Scuirr, University of California.—Relativistic wave 
equations, to be physically satisfactory, should be de- 
rivable by means of a variational principle from a La- 
grangian that is invariant under Lorentz transformations, 
invariant under mirroring of the space coordinates, in- 
variant under gauge transformations, and real. We consider 
here the construction of spinor Lagrangians that give wave 
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equations that are linear in the wave fields, the momentum 
operator, and the electromagnetic potential, such that all 
spinors provide irreducible representations of the Lorentz 
group. We further impose the physically plausible require- 
ments that in the absence of an electromagnetic field the 
spinors provide an irreducible representation of the space 
rotation group and each component satisfies the Klein- 
Gordon equation. It is then possible to construct one, and 
in general only one, satisfactory Lagrangian for any value 
of the spin, without introducing supplementary fields. For 
a particle of spin } there exists one other Lagrangian, 
involving supplementary fields, that meets all of the above 
requitements. It seems likely that such Lagrangians in- 
volving supplementary fields exist in general. 


20. On the Energy Levels of Particles without Spin. 
H. SNYDER AND J. WEINBERG, University of California. 
(Introduced by J. R. Oppenheimer.)—In the presence of an 
electrostatic field (but not for a static world scalar or mag- 
netostatic field) the stationary solutions of the quadratic 
relativistic wave equation for scalar particles do not form 
an orthonormal set. In spite of this they may in general be 
used to introduce normal coordinates for the quantum 
theory of this field. For if the wave function and its 
canonical conjugate are expanded in the usual way in terms 
of these stationary solutions u, (with characteristic energies 
E,), then it may be shown that the amplitudes a, in this 
expansion satisfy the commutation rules 


= 


which follow from the wave field commutators and the 
assumption of the integrability of the classical wave equa- 
tion for arbitrary initial function and time derivative. Total 
energy and total charge then take on the characteristic 
values 


; e= 
» lel 


with integral N;’s. The case where «& vanishes corresponds 
to the Klein paradox, to pair creation by static fields; it 
requires special consideration. This case cannot occur for a 
Coulomb field, 137. 


E=2(M.+4) 


21. Shielding of High Energy Neutrons by Water Tanks. 
S. M. Dancorr, University of California. (Introduced by 
J. R. Oppenheimer.)—Estimates are made here of the 
thickness of a water tank surrounding a neutron source 
such as a cyclotron necessary to reduce the number of 
neutrons by any given factor. For the diffusion through 
hydrogen alone it is possible to set up a diffusion equation 
which describes approximately the energy distribution of 
neutrons emerging from a given thickness of material. 
When the effect of the oxygen atoms in water is included, 
the complete distribution can no longer be obtained from 
the approximate differential equation, but estimates good 
to within a few inches may be made of the tank thickness 
required to accomplish the desired reduction. Here we 
consider only the reduction in the number of neutrons 
above a volt. Neutrons below a volt are known to diffuse 


only a few centimeters in water before being captured by 
protons. For an initial homogeneous neutron beam of 
energy 10 Mv, it is found that 5 ft. of water will reduce the 
number of neutrons to 10~* the initial number. The same 
thickness of water tank, however, will absorb only 10-* 
the number of y-rays formed in the tank in the capture of 
the slow neutrons. 


22. Defiection Measurements by Mechanical Inter- 
ferometry. R. WELLER, Washington State College—One 
may measure deflection at all points in a 2-dimensional 
stress system in a single operation by using the inter- 
ference fringes resulting from the superposition of two 
screens, one of which is attached to the part under load 
and the other placed over the first as a reference. The 
screens consist simply of square cross-hatching, one 
attached directly to the model or photographed onto it, 
the other on a transparent base, such as a photographic 
plate. If the screens are identical, they will form no inter- 
ference patterns when superimposed, but when one is 
deformed by being attached to a loaded model, interference 
between the screens produces fringes resembling those 
formed in photoelastic experiments but for a mechanical 
rather than an optical reason. Two families are observed, 
the fringe order in each family giving the deflection ‘corre- 
sponding to a single coordinate direction. Thus square 
screens will give the X and Y coordinates of deflection at 
each point, polar screens the R, @ coordinates, etc. The use- 
fulness of the method is not limited to systems operating 
below the elastic limit, but is applicable to mixed deflec- 
tion, that is, wherein part of the deflection is elastic and 
part plastic. 


23. Onset and Corona Studies with Confocal Parab- 
oloids in Air at Atmospheric Pressure. K. E. Fitz- 
stmmons, University of California and Washington State 
College. (Introduced by Leonard B. Loeb.)—Oscillographic 
observations have been made on the discharge between 
confocal paraboloids in dry and moist air at atmospheric 
pressure. A positive point was used. Accurate solutions of 
fields before corona onset can be made. In dry air, streamers 
occurred before “‘bursts” for the case of short gaps. With 
longer gaps it is difficult to distinguish between bursts 
and streamer pulses in the pre-onset region. With moist 
air, for all gaps observed, burst pulses occur before 
streamers. At voltages similar to those for onset of steady 
burst corona in dry air the oscillograph shows a rapid 
succession of very intense streamers. Current measure- 
ments at these potentials show a comparatively large 
rather unsteady current which drops rapidly to a certain 
minimum as voltage increases. At this point of minimum 
current the streamers disappear and there is steady burst 
corona. Further increase in voltage then gives a current 
increase. Breakdown streamers were not observed with any 
gap used for either dry or moist air. 


24. An Exact Solution of the Boltzmann Equation 
Applicable to the Diffusion of Neutrons. E. A. UrHLING 
AND E. A. ScHucHarpD, University of Washington.—An 
exact solution of the Boltzmann equation describing the 
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distribution function f(7, 0, ?) of an absorbable particle 
diffusing in a half-infinite homogenous medium has been 
obtained subject to the following restrictions: (1) steady- 
state conditions, (2) continuous distribution of sources 
which emit isotropically and depend in ese on the 


distance x from the boundary plane like e~™*, m2 0, x20, . 


(3) isotropic scattering of the diffusing particle in the 
medium without energy exchange. These restrictions re- 
duce the distribution function to f(x, where {=cos 6, 
and @ is the angle between the velocity vector and the 
x direction. Considering the function f(0, ¢), ¢ <0, and its 
analytic continuation over the complex ¢-plane, one ob- 
tains an integral equation which has the same form as 
that fitted to the boundary conditions of vanishing sources 
and an incident current at {¢~1/m (0=m=~). Thus, the 
problem of such sources is reduced essentially to that of 


Halpern, Lueneburg and Clark.! The emerging currents - 


corresponding to f(0,¢) for m=0, ‘with the ratio of 
scattering to capture cross section equal to 0, 150 
and ©, respectively, are compared with Fermi’s law, 
—cos 0(1— ¥3 cos 6), and with the experimental results 
of Hoffmann and Livingston? for thermal neutrons emerg- 
from paraffin. 


ne mp Lueneburg and Clark, Phys. Rev. 53, 173-83 (1938). 
and Livingston, Phys. Rev. 53, 1020-1 (1938). 


25. On the Theory of the Oppenheimer-Phillips Process. 
G. M. Votkorr, University of California.—A critical study 
of the previous theoretical treatments! of the process of 
neutron capture by heavy nuclei bombarded with low 
energy deuterons shows that while the dependence of the 
transmutation function on the incident deuteron energy 
has been given correctly, the energy distribution of the 
outgoing protons has not been satisfactorily estimated. 
A reinterpretation of Lifshitz’ result shows that his ex- 
pression for the energy distribution is closely related to 
the deuteron wave function, but does not directly give the 
proton energy distribution. It is found that a justification 
may be given for the methods employed by Bethe in 
setting up the expression for the proton energy distribu- 
tion as a product of two factors: the “‘sticking probability” 
of the neutron, and the penetrability of the potential 
barrier, but our evaluation of the latter factor yields a 
result differing from Bethe’s. The asymptotic behavior of 
this second factor for high proton energies is found to be 
E-? instead of E~*? as given by Bethe. At intermediate 
values of £ it has a maximum, and for E->0 it behaves like 
exp (—22xn), where n=Ze*/hv~E~. The behavior of this 
factor for intermediate values of E is determined by the 
character of the deuteron wave function and may be found 
numerically for particular cases. 


1J.R. Copegheimer ond 36. Phillips, Phys. Rev. 48, 500 (1935). P. L. 
. Proc. Roy. Soc. A163, 553 {1937)” Lifshitz, Phys. Zeits. d. 
Sowjetunion 13,2; 224 (1938). H. A. Bethe, Phys. Rev. 53, 39 (1938). 


26. Probe Measurements in Point-to-Plane Corona 
Discharge in Air. V. B. WAITHMAN AND W. R. BAKER, 
University of California. (Introduced by Leonard B. Loeb.)— 
In an attempt to analyze the spark breakdown with 
negative point-to-plane corona it appeared likely that 
breakdown occurred when the negative ion space charge 


gradients at the anode reached such values as to lead to 
positive streamer formation. These streamers effecting 
junction with the glow discharge-like region about the 
point lead to a spark. This supposition necessitated for its 
verification space potential measurements away from the 
point and near the plate. To this end various probes were 
developed and tested on the positive point corona where 
conditions are simple. Both plane and point probes were 
used on corona gaps of 4-6 cm with points of 0.2 mm 
diameter in room air and dried air at low currents and at 
currents just below breakdown streamer onset. The poten- 
tials observed appear to be reliable to at least 10 percent 
up to 7 mm from the plate and 10 mm from the point. 
They indicated that fields at the plate could reach streamer 
propagating magnitudes at the sparking potential. 


27. Internal Conversion in the Z Shell. ELDRED Netsoy, 
University of California. (Introduced by J. R. Oppenheimer.) 
—The internal conversion coefficients for s and p electrons 
in the LZ shell have been calculated by following the method 
of Dancoff and Morrison.! The formulas obtained are non- 
relativistic, applicable for Z<50 and gamma-ray energy 
<“Kme, and give the conversion of electric multipole 
radiation of any order. The total internal conversion in the 
L shell is about one-tenth of the conversion in the K shell, 
The ratio of the conversion coefficient for six p electrons to 
the conversion coefficient for two s electrons is given by 
Zag/(v)* and is less than 10 percent. Here Z is the atomic 
number, a is the fine structure constant and » is the gamma- 
ray energy divided by mc*. ¢ is a slowly varying factor of 
the order of a few percent that depends upon the multipole 
order, the gamma-ray energy and the atomic number ina 
complicated manner. 

1 Dancoff and Morrison, Phys. Rev. 55, 122 (1939). 


28. Extreme Ultraviolet Absorption Spectrum of Nitro- 
gen. F. A. JENKINS AND R. E. Wortey, University of 
California—The band spectrum of Nz in the region 
1000-800A has been studied in absorption. The complex 
band structure in this region represents transitions to a 
number of electronic states immediately below the first 
ionization limit at 125,670 cm™. Several faint bands above 
this limit are also observed. About seven short v’ pro- 
gressions consisting of from two to six bands are identified 
among the stronger bands in the region below the ionization 
limit. All of these have very low vibration frequencies 
(AG’~750-450 cm™) as compared to the normal state 
(2360 cm™), and it is probable that the 0,0 band is not 
observed in any of these band systems. A general decrease 
in the values of AG for the systems in going toward higher 
frequencies is observed, indicating that they belong to 
series approaching as a limit an unstable state of N;*. 
Analysis of the rotational structure of some of the bands 
has been possible, by using the combination principle. 
The values of B’ thus obtained are small, as expected 
from the instability of the states. For one of the strongest 
bands at 102,870 B’= 1.36; cm=. Values as small as 
1.03 cm=!, requiring an internuclear distance of nearly 
four times that in the normal state, are observed for some 
of the bands of highest frequency. 
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29. Hyperfine Structure of the Quadrupole Line 2815A 
of Hg Il. S. Mrozowsk1, Joseph Pilsudski University, 
Warsaw, Poland. (Introduced by F. A. Jenkins.)—The 
structure of many lines of ionized mercury is investigated 
by means of apparatus of high resolving power. Most of 
them have been found to possess complex structure. The 
components of the lines 2815, 3984 and 2848A are measured 
and the structure analyzed in terms of isotopic shift and 
hyperfine structure. It is shown experimentally that in the 
case of a forbidden line of quadrupole character like the line 
2815A the intensities of the hyperfine components must 
be computed using the formulas given by Rubinowicz 
(replacing J, L and S by F, J and J). The hyperfine 
structure splittings of the levels 6s*Sj, 5d%6s**Dsz and 
6p*Ps2 found experimentally are in agreement with 
Goudsmit’s formulas and aliow in the case of the 6s*Si/2 
level a very accurate evaluation of the nuclear g factor for 
the isotope 199 (g=1.094+0.004). The isotopic shifts in 
Hg II levels are discussed. 


30. Spectrographic Determination of Vitamin A. MARTIN 
E. NELSON AND STANLEY S. BALLARD, University of 
Hawati.—We have developed a simplified spectrographic 
method for determining vitamin A in oils, which is based 
on densitometric measurements of the absorption band 
at 3280A. Extinction coefficients for a one-percent solution 
in a one-centimeter cell were determined for the non- 
saponifiable fraction of the Reference Cod Liver Oil of the 
U. S. Pharmacopoeia, which is standardized to contain 
3000 International Units of vitamin A per gram. The 
mean value of 21 determinations was 1.441+0.019, with 
a standard deviation of 0.084+0.013. This is in good 
agreement with the value 1.44 reported by Hume.! Three 
commercial cod liver oils, advertised to contain not less 
than 6000, 2000, and 1800 I. U. per gram, were assayed 
by comparison with the standard U. S. P. Reference Oil 
and found to contain 6170, 2600, and 1700 units, respec- 
tively. Absorption spectra were taken of extracts of opihi, 
the Hawaiian limpet, which had been assayed by feeding 
methods by Miller and Robbins? of the Hawaii Agricultural 
Experiment Station and found to possess, on the moisture- 
free basis, about one-tenth the vitamin A activity expected 
of a good cod liver oil. The vitamin A absorption band 
was not detected, but the characteristic absorption bands 
of B-carotene were prominent. 


1E. M. Hume, Nature 143, 22 (1939). 
2C. D. Miller and R. C. Robbins, unpublished results. 


31. The Onset of Positive Point-to-Plane Corona in 
Pure A, N:, H, and in Dry Air at 350 mm Pressure. 
GERHARD L. WEIsSSLER, University of California at Berkeley. 
(Introduced by Leonard B. Loeb.)—The investigations of 
positive point-to-plane corona in air by G. W. Trichel! 
and Arthur F. Kip? indicated the necessity of a study of 
these coronas in free electron gases of different types. 
A study has been made by using a 2.5-cm gap with 0.4 mm 
diameter needle in the gases A, Nz and H; of the highest 
purity in sealed off and outgassed tubes. The results in 
argon differed materially from the reported results in air, 
while those in Nz showed an intermediate behavior. In A 


and N; avalanches could be observed at low potentials. 
At 300 volts below onset peculiar unresolved pulses like 
the Trichel burst pulses were observed in A. The main 


‘ difference is that no streamers were observed in A. In Nz 


the corona above onset resembled that in A. Pre-onset 
phenomena were analogous to air but well distinguished 
from it. Streamers were fewer and crossed the gap without 
breakdown, disappearing at onset. The results on the H, 
resemble those of the A. For the sake of comparability 
the same kind of investigation has been made on dry air 
in order to get the distinction in observations of the four 
different gases. 


1G. W. Trichel, Phys. Rev. 55, 382 (1939). 
2 Arthur F. Kip, Phys. Rev. 55, 549 (1939). 


32. The Absorption of Sound in Carbon Dioxide. 
RoBert W. LEONARD, University of California at Los 
Angeles. (Introduced by V. O. Knudsen.)—The absorption 
of acoustical energy in carbon dioxide was measured by a 
direct method over a frequency range extending from 22 
to 112 kc. The absorption coefficient was computed from 
photographic records of sound pressure as a function of 
distance from the source. The measurements were made in 
a chamber containing baffle plates which reduced the 
effect of reflection from the walls of the chamber. The 
results of a series of measurements on samples of carbon 
dioxide show that the frequency at which the absorption 
per wave-length is a maximum is as low as 30 kc in the 
purest sample measured. The average peak height from 
four sets of data was 0.251. From the peak position, the 
value for the average lifetime of a quantum of vibrational 
energy was computed to be 7.0 10-* second. From the 
average peak height, it was necessary to assume that both 
the deformation vibration and the symmetrical valence 
vibration have relaxation times which are nearly identical, 
and further that the upper levels of the deformation mode 
be included in computing the vibrational specific heat 
producing the absorption peak. 


33. Diffraction of Radio Ranges by Hills. Wm.iam R. 
HASELTINE, University of California.—The scattering of 
electromagnetic waves by hemispherical obstacles on a 
conducting plane has been investigated. The results have 
been applied to the problem of the splitting of radio range 
beacons when the range passes over hilly country. The 
calculations refer particularly to long wave-lengths (about 
1000 meters) such as used in the Oakland range. It is found 
that even hills of moderate size can cause large spatial 
fluctuation in the received signal strength. In the cases 
where precise numerical calculations are practicable, the 
scattering masses are too symmetrically located to give 
rise to splitting of the range into parallel beams, but the 
large variations in intensity indicate that for less sym- 
metrical situations this phenomenon would occur, and 
that the diffraction effects considered are the cause of the 
peculiar patterns actually found. 


34. Nuclear Isotopic Shifts in the Band Spectra of HgH*, 
HgD* and ZnH. S. Mrozowsk1, Joseph Pilsudski Uni- 
versity, Warsaw, Poland.—The isotope effect in the lines 
of the band spectra of HgH*, HgD* and ZnH is studied 
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with spectral apparatus of high resolving power. Besides 
the shifts caused by differences in the reduced masses for 
different isotopes of the heavy atom, which obey the well- 
known equations of Mulliken and of Birge very closely 
because of the small mass differences, it is shown that 
there are shifts originating in differences of the electric 
fields surrounding the nuclei. For the 0,0 band of the 
transition *II,;—>*2 in ZnH, this additional shift is found to 
be +0.006 cm between the lines of the even isotopes of 


Zn (Zn relative to Zn™). In the case of HgH* and HgD+ 
shifts are found which depend on the vibrational energy, 
the largest shift, of about —0.043 cm™, occurring between 
the even Hg isotopes in the 0,0 band of HgD*. The shifts 
decrease with increasing vibrational energy of both upper 
and lower states, changing sign for sufficiently high energies 
and probably tending in the limit of dissociation toward 
the isotope shift observed in the 2815 line of Hg I] 
(+0.280 cm for Hg™ relative to Hg™). 
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